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Unicam Double-beam Infrared Spectrometer 


PHYSICAL SOCIETY EXHIBITION 


IMPERIAL COLLEGE »- LONDON -: ([3th—1I7th APRIL 1953 


The new Unicam Infrared Spectrometer will be demonstrated at the Physical Society 
Exhibition. This instrument of advanced design is intended for two main applications, 
that of reliable double-beam operation in the rocksalt region for routine analytical work, 
for which a compact, robust, portable layout is provided; and that of industrial or academic 
research in which versatility in spectral range, resolution and recording speed are required 
and are made available by appropriate accessories. 

Other interesting exhibits will be new accessories for the well-known SP.500 Spectro- 
photometer and a production model of the recently introduced SP.600 Spectrophotometer 
for the visible region. From our crystallographic range we shall be showing an improved 
Weissenberg Goniometer, an evacuable 19 cm. Powder Camera and a prototype of a new 
High Temperature Powder Camera for work up to 1,400°C. 


UNICAM 


Visit Stand No. 82 to see and discuss these new instruments 


UNICAM INSTRUMENTS (CAMBRIDGE) LTD - ARBURY WORKS - CAMBRIDGE 
U128IRT 
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As a solvent or extractant, or as a raw 


material and intermediate, Acetone has diverse applications — 
such as in the manufacture of lacquers, paint removers, 
plastics and synthetic resins, cellulose printing inks, leathercloth, 
photographic film, pharmaceuticals, perfumery and cosmetics, 
acetate rayon, explosives, and auxiliaries for rubber. 
Ask for Information Sheet No. 223. 


ALSO 


ACETONE SPECIFICATION 
Methyl ethyl ketone, 
Methyl isobutyl ketone, 


PURITY: Minimum 99%, Acetone by weight. 

SPECIFIC GRAVITY: at 20 20° C: 0-791-0-793. 

COLOUR (platinum-cobalt standard, Hazen): Maximum §. 
ACIDITY (other than carbon dioxide): Maximum 0.002% 
weight (as acetic acid). 

DISTILLATION RANGE (A.S.T.M.D268): Below 55:8°C- 
none. Above 56-6°C-none. 

WATER: No turbidity when 1 volume is mixed with 19 
volumes of I.P. Petroleum Spirit at 20°C. 

WATER SOLUBILITY: Completely miscible with distilled 
water 

PERMANGANATE TEST: 1 mi. of 0-1°, aq. KMnO, 
solution retains its pink colour when mixed with 100 ml. 
Acetone and kept in the dark for 30 mins. at 25°C 
NON-VOLATILE MATTER: Maximum | mg. per 100 ml. 


Mesityl oxide, 
Diacetone alcohol, 
Isopropyl alcohol, 
Secondary butyl alcohol. 


Methyl isobutyl carbinol, 


Isopropyl ether. 


Shell Chemicals Limited, Norman House, 105-109 Strand, London, W.C.2. Tel: Temple Bar 4455 
(DISTRIBUTORS) 

Divisional Offices: Walter House, Bedford Street, London, W.C.2. Te/: Temple Bar 4455. 42 Deansgate, Manchester, 3 

Tel: Deansgate 6451, Clarence Chambers, 39 Corporation Street, Birmingham, 2. Tel: Midland 6954. 28 St. Enoch Square, 

Glasgow, C.1. Tel: Glasgow Central 956!. 53 Middle Abbey Street, Dublin. Tel: Dublin 45775. A.l 


March, 1953) Journal of the Chemical Society. ili 


eo Renae Ue 


Important chemical news! 


HYDRAZINE 


FOR INDUSTRY 
IS NOW AVAILABLE TO ALL 


and Whiffens can give immediate delivery of 
Hydrazine compounds produced by Genatosan Ltd. 


FOR AGRICULTURE — in plant growth inhibitors 


Samples, prices and full technical information available on request. 
CONSULT WHIFFENS FIRST ON YOUR PROBLEMS 


WHIFFENS 4) 
fit chieieilsan sac 


WHIFFEN & SONS LTD., NORTH{WEST HOUSE, MARYLEBONE ROAD, LONDON, N.W.1 
Telephone : PADdington 1041/6 Telegrams: Whiffen, Norwest, London 
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Compounds 


for Biological 


Research 


C-14 LABELLED CARBOHYDRATES 


To meet the needs of research workers studying metabolic processes, the 
Radiochemical Centre now supplies several carbohydrates labelled with 


carbon-14. 
These are prepared by photosynthesis under conditions which favour 


uniform labelling. Purity is checked by paper chromatography. The 
specific activity is 20-50 microcuries per milligram. 

The following are usually held in stock but, as the preparations are 
seasonal, orders for substantial quantities should be placed well in advance. 


No. Compound Price per millicurie 
CFB. 1 Starch - « <faee 
CFB. 2 D-Glucose . « ase 
CFB. 3 D-Fructose g. “a6 £200 
CFB. 4 Sucrose Pua 1 wees £150 
In standard packages of 1.0, 0.5 and 0.1 millicurie. 


Please send your orders and enquiries to — 


RADIOCHEMICAL CENTRE, AMERSHAM, BUCKINGHAMSHIRE 
ENGLAND 


TAS/RC.3 
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Activated Alumina and mixed 
catalysts, manufactured to cus- 
tomers’ individual research and 
production requirements, form 
a regular part of the Spence 
catalyst service. 

Further details may be 


obtained on request. 


ich 


PETER SPENCE & SONS LTD > WIDNES > LANCS & AT LONDON € BRISTOL 


R.P.§021 
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H K LEWIS BOOKS ON THE CHEMICAL 
ee AND ALLIED SCIENCES 
Scientific and Technical Books. :: Large Stock of Recent Editions. :: Foreign 
Books not in stock obtained under Special Licence. :: Catalogues on request. 


LENDING LIBRARY — Scientific and Technical 
ANNUAL SUBSCRIPTION FROM 25s. PROSPECTUS FREE ON APPLICATION 
THE LIBRARY CATALOGUE containing classified Index BI-MONTHLY LIST OF NEW BOOKS AND 


of Authors and Subjects revised to December 1949. 


Pp. xii + 1152. To subscribers 17s. 6d. net. To non- NEW EDITIONS ADDED TO THE LIBRARY 
subscribers 35s. net., postage Is. 3d. POST FREE TO SUBSCRIBERS REGULARLY 


Supplement 1950 to 1952 in preparation. 


H. K. LEWIS & Co. Ltd., 136 Gower Street, London, W.C.I 
Tel 


ph : EUSton 4282 (7 lines) eae 


FUSED QUARTZ 


cele DICYANDIAMIDE 


SPECIMEN TUBES 


We are pleased to announce that we can 
now supply transparent VITREOSIL (pure P 
fused quartz) specimen tubes for use in now available 


X-ray analysis. 


Fused quartz is extremely transparent to . . . 
X-rays, and such tubes are particularly for immediate delivery 
suitable for use in high-temperature X-ray 
aan or in other png ater in which f 
high transparency to X-rays is essential. 
Length Bore Wall Thickness rom 
2in. 0-25-03 mm. 0-035-005 mm. 
Zin. 0:25-0:33 mm. 0:035-005 mm. 


In addition to the above tubes, we can also CHEMICALS DIVISION 


supply to customer's specification, Thermal 


ture Xray camene SOF hightemper- | THE BRITISH OXYGEN 
re THERMAL SYNDICATE ix. co. LTD. 


Head Office : : 
WALLSEND, NORTHUMBERLAND Vigo Lane, Chester-le-Street, Co. Durham 


London Office : Ti : Bij 
12/14 OLD PYE ST., WESTMINSTER, S.W. | pupae 8 ny 4 


Annual Reports on the Progress of Chemistry 
for 1952 


VOLUME XLIX PUBLISHING JULY 1953 


Copies of this regular publication of The Chemical Society may now be7ordered. 
Price: Thirty shillings, post free. 


THE CHEMICAL SOCIETY 
BURLINGTON HOUSE LONDON - W.1 
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WHATMAN FILTER PAPERS 


FOR ALL TYPES OF WET CHEMICAL 
ANALYSIS 


Qualitative and Hardened Grades 
Single Acid Washed and Single Acid Washed Hardened Grades 
Double Acid Washed and Double Acid Washed Hardened Grades 
Made by: W. & R. BALSTON LTD., MAIDSTONE, KENT 
Sole Representatives: H. REEVE ANGEL & CO. LTD., 9 BRIDEWELL PLACE, LONDON, E.C.4 


The Electrothermal Heating Mantle illustrated 
‘a Ee ATi MM G is one of aspecial series (Mj), light weight, 
completely flexible, highly elastic, fitting snugly 
round the flask whether flat or round bot- 
M A Ni T L E $ tomed. The ingenious elastic neck opening 
enables the mantle to be fitted as the final 
item in the installation. Standard types avail- 
able for use with beakers, funnels and stills ; 
modified designs are produced with bottom or 
side outlets. 


PATENTED 


Is your laboratory heating equipment as up to date as 
it could be? How far is it efficient for its purpose, 
thoroughly safe and economical in operation? In other 
words, have you installed Electrothermal laboratory 
heating equipment, most advanced apparatus of its kind 
produced? Electrothermal standard heating equipment is 
stocked by all laboratory suppliers and carriesa 12 months’ 
guarantee. Special designs produced to specifications. 


Electrothermal 


ENGINEERING LTD 


270 NEVILLE ROA LONDON, € 


Comprehensive catalogue 
sent on request 


ZAjUUNNUAUAAUUAUUUEUUUAUUUGUUUAGUUOOUOUOUOGOOUOQUEGOUUGOUOOOUOOOUOGOUEAOUOOUCOOUGOOOQUCOUOOOGHOOUEGOUOUOUEOOEOOOUCOOENOOEOUOGOOEOUUGOOUOOUUCOOUUERLE 
THE WORLD’S GREATEST BOOKSHOP 


FOYLES (= 
* FOR BOOKS»: for 


New, secondhand and rare Books on every subject. Technical 

Stock of over three million volumes. Subscriptions Books 

taken for British and overseas magazines. 

119-125 CHARING CROSS ROAD, LONDON, W.C.2 
GERrard 5660 (16 lines) x Open 9-6 (inc. Sat.) 


To minutes from Tottenham Court Rd. Station 
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trtending the range 
Hopkin & Williams Ltd. are constantly adding to their range of 
fine chemicals and reagents. The following list is a selection of 
those additions that have been made since the last edition of the 
Hopkin & Williams catalogue of pure chemicals and reagents. 
Many of these items have been developed from research in the 
Company’s laboratories. 
AERO TE OID 
Code Code 
1038 2-Aceto-l-naphthyl benzoate 4185 Ethylenediamine tetra-acetic acid 
1311 Aluminium iso-propoxide 4185.2 Ethylenediamine tetra-acetic acid, 
1355.7 4-Aminoantipyrin disodium salt. 
1367.5 4-Amino-3: 2’-dimethyl-azobenzene 4572 Hopcalite 
1368  p-Aminohippuric acid 5635 o-Methoxybenzaldehyde 
1375 2-Amino-4-nitrophenol 5825 Molybdenum sulphide, di 
1383 m-Aminophenol hydrochloride 5833 — (Ammonium purpurate, 
2009 Barium tit oe 
veer acral 5869 Naphthalhydroxamic acid 
2040 Benzanthrone oh t:0’ (aiiateliedl hathehieniv echt ends 
2085  a-Benzil monoxime ta cea trea ane 
2291.5 Boron trifluoride-acetic acid come - 
pitta 6169  o-Nitrobenzenesulphonic acid 
plex, about 40 per cent 7 oid 
727 6187 o-Nitrobenzonitrile 
2374.5 w-Bromostyrene 6225 5-Ni h hroli 
2827 ~=n-Capric acid (Decanoic acid) one? nlierserenel 
4 . 6301 =a-tso-Nitrosopropiophenone 
3028.2 Chloroacetamide Ste Wheesiaitinlain dinbesnhasl id 
3055 4-Chlorobenzaldehyde seer, — PD Le Ge 
3076 aaa 6 ae 7133 Potassium rhodizonate 
mo ieee Spee tose pone 8213 Starch, soluble, with urea 
a <a Ee . < 8479  Tetramethylammonium iodide 
3183 Chromotropic acid, sodium salt, 8799 2:3:4-Trihydroxybenzoic acid 
ok ton So idehyd (Pyrogallol carboxylic acid) 
— or formaldehyde deter- 8823 2:3: 5-Triphenyl-tetrazolium 
——- ae chloride 
3190 Cinchomeronic acid (Pyridine-3:4- 977 Violuric acid (iso-Nitrosobarbituric 
dicarboxylic acid) acid) 
3708.5 3: 4-Dichlorobenzoic acid 9240.1 Catechol-3 : 5-disulphonic acid 
3877 Dimethyldichlorosilane (1 : 2-Dihydroxybenzene-3 : 5-disul- 
4057 Eriochrome Black T phonic acid) Reagent for Fe and Ti. 


The complete list is given in Leaflet No. H2, sent free on request. 


HOPKIN & WILLIAMS LTD 


Manufacturers of pure chemicals for Research and Analysis 


FRESHWATER 


ROAD CHADWELL 


HEATH ESSEX 


March, 1953) 


Journal of the Chemical Society. 


AT 
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OUR JOB 


AS ESSENCE MANUFACTURERS 


IS TO TAKE NATURAL PRODUCTS WHICH 
HAVE A FLAVOUR OR AROMA OR _ BOTH; 
EXTRACT FROM THEM THE PRINCIPLES RE- 
SPONSIBLE FOR THAT FLAVOUR AND AROMA, 
AND THEN PREPARE THESE PRINCIPLES IN 
SUCH A FORM AS TO BE EASILY AND CON- 
VENIENTLY AND ECONOMICALLY USED BY 
OUR CUSTOMERS. 


WE ARE SPECIALISTS IN THIS FIELD AND CAN 
OFFER GUARANTEED NATURAL PRODUCTS 
WHICH FOR QUALITY AND TRUE FLAVOUR 
ARE IN A CLASS BY THEMSELVES. 


REIGATE BRAND— 
VANILLA NATURA 


GRAPEFRUIT NATURA 
ORANGE NATURA 


(SWEET OR BITTER) 
ORRIS NATURA 


WHITE, TOMKINS & COURAGE, LTD. 


TELEGRAMS: ESSWHITE, REIGATE 


NORTH ALBERT WORKS, REIGATE 


TELEPHONE: REIGATE 2242-3 


ESTABLISHED 1841 
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ANALYTICAL REAGENTS WITH ACTUAL BATCH ANALYSIS 
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BATCH b JUDEX ANALYTICAL REAGENT INDEPENDENT 


PORE ESI I SED PRIDE S ESSER SSS SOAS I SILER ATS ly 
POTASSIUM IODIDE A.R. ANALYSIS 


ACTUAL BATCH ANALYSIS 
(Not merely maximum impurity values) before 
Batch No. 19439 

Free Alkali (K,O) 021% i o 
Chloride & Bromide (Cl) ........cccccccccccceeseeee 0°025% label is printed 
Todate (10,) > 
Heavy Metals (Pb) . oxcaaneebeaubidispessdshcee SEE 
PORE). cccssncsnsccxcessnne weve 0°00003% 
Sulphate (SO,) 0-0005% 
The above analysis is based on the results, not of our ewn Control Laboratories 
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We invite you to compare the actual batch analysis shown here, 
with the purities guaranteed by the specifications to which you normally work— 
we are sure the comparison will be helpful to you. 


THE GENERAL CHEMICAL & PHARMACEUTICAL CO. LTD. 


Chemical Manufacturers, Judex Works, Sudbury, Middlesex 
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150. The Stereochemistry of the Tropane Alkaloids. Part I. 
The Configuration of Tropine and ¥-Tropine. 
By GABor Fopor and KAroty NADor. 


Comparison of the rates of N->O acyl migrations has shown that the 
relative positions of the nitrogen bridge and the C,,-hydroxyl group in nor- 
tropine and in nor-%-tropine are trans and cis respectively. Consequently, all 
natural alkaloids yielding on hydrolysis (nor)tropine have the ¢vans-con- 
figuration, and, those affording y-tropine cis-configuration (cf. Nature, 1952, 
169, 462). 


THE stereospecificity of N-O acyl migrations (Fodor and Kiss, Nature, 1949, 163, 287) 
has been used to determine the conformation and the configuration of several 2-amino- 
alcohols, e.g., the epimeric ephedrines, chloramphenicols (Fodor, Kiss, and Sallay, J., 1951, 
1858), 2-aminocyclohexanols (Fodor and Kiss, Nature, 1949, 164, 917), and the inosamines 
(McCasland, J. Amer. Chem. Soc., 1951, 73, 2295). Investigation of acyl migration in the 
epimeric 2-acylaminocyclopentanols (Fodor and Kiss, Research, 1951, 4, 339; J., 1952, 1589; 
cf. van Tamelen, J]. Amer Chem. Soc., 1951, 73,5773) indicated the intramolecular mechanism 
of this reaction. It has already been established (Fodor and Kiss, J. Amer. Chem. Soc., 
1950, 72, 3495) that the ON acyl shift proceeds through an ortho-acidic intermediate. 

We have now extended our studies to the heterocyclic 3-amino-alcohols, tropine and 
w-tropine, which are known to be C;g)-epimers (Willstatter and Bode, Ber., 1900, 33, 416; 
Willstatter and Bommer, Annalen, 1921, 422,18; Barrowcliff and Tutin, J., 1909, 95, 1967), 
in which the relative configurations (cts or trans) of the ring nitrogen and the C;,)-hydroxyl 
group have not been established. 


(Ti) 
(a) R= Ac; (b) R Bz. 


Inspection of models reveals that in one of the epimers the nitrogen atom and the 
oxygen atom of the Cy)-hydroxyl group can be joined through one additional atom if the 
piperidine ring has the boat form; this is impossible in the other epimer. That ‘ bridge ” 
can, of course, be transitory, such as occurs during N->O acyl migration. 

To check the correctness of this deduction, N-benzoylnor--tropine and its epimer have 
been treated with excess of hydrogen chloride in dioxan solution, under identical conditions. 
The former rearranged into O-benzoylnor-y-tropine (115) hydrochloride, while the epimer 
(III) remained unchanged. The amino-ester hydrochloride structure of (IIb) is supported 
by (i) its identity with a sample obtained by O-benzoylation of nor--tropine hydrochloride, 
(ii) electrometric titration with N/10-sodium hydroxide which gives a curve (curve 5) 
typical of ammonium salts, differing sharply from those of N-acylamine salts, and (iii) the 
instantaneous rearrangement into the N-benzoy] derivative in the presence of alkali. 

O-Benzoylnortropine hydrochloride does not rearrange with alkali; the base forms a 
picrate, while N-benzoylnortropine does not. This agrees with the known stability of the 
naturally occurring nortropine ester bases, e¢.g., poroidine (Barger, Martin, and Mitchell, /., 
1938, 1685; 1940, 1155), and also with the fact that nor-ys-tropine bases have hitherto not 
been detected in Nature. 

The epimeric N-acetyl derivatives also behave differently in respect of acyl migration. 
Hydrogen chloride in dioxan converts both epimers into the corresponding N-acetylnor- 
tropine hydrochlorides. These are directly titratable potentiometrically with sodium 
hydroxide (see curves 1 and 2). Welsh (J. Amer. Chem. Soc., 1947, 69, 128) observed the 
same phenomenon with N-acetylephedrine hydrochloride. The N-acetylnortropine hydro- 
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chloride has been described by Polonovski (Bull. Soc. chim., 1926, 39, 1147), while the hydro- 
chloride of (1b) was unknown. 

Above its melting point the y-hydrochloride isomerises to the O-acetyl hydrochloride. 
This is a characteristic amino-ester salt (curve 3) and is also obtained by O-acylation of 
nor-%-tropine hydrochloride. Alkali reconverts it into the N-acetyl compounds (Ia). 
In contrast N-acetylnortropine hydrochloride does not resolidify after being melted; 
the melt affords traces of the O-acetyl hydrochloride (curve 4) together with unchanged 
N-acetyl hydrochloride. The unimolecular formation of the amino-ester salt by thermal 
rearrangement is, however, rather doubtful. 

From these results we conclude that in nor-%-tropine and its derivatives the ring- 
nitrogen and the Ci)-hydroxyl are cis-placed, while the corresponding derivatives of nor- 
tropine are in the trans-configuration. 

The configuration of such tropane alkaloids (e.g., cocaine, scopolamine) as cannot be 
correlated directly to the tropan-3-ols will be dealt with in forthcoming communications. 

Nomenclature.—We have already proposed the replacement of the terms tropine and 
y-tropine by antitropine or antitropan-3-ol and syntropine or syntropan-3-ol, respectively. 


N-A cetylnortropan-38-ol hydrochloride, 
N-Acetylnortropan-3a-ol hydrochloride. 
O-Acetylnortropan-38-ol hydrochloride. 
O-A cetylnortropan-3a-ol hydrochloride. 
O-Benzovinortropan-3B-ol hydrochloride. 


~100 
0 


4 tL 1 
0-5 - ae 15 20 
ml. of N/\0-NaOH 


On the advice of the Referees and the Editors we now propose a general stereochemical 
notation for the tropane alkaloids, based on that now standard in the steroid and triter- 
penoid fields. The reference group is the > NR bridge, and substituents will be denoted by 
8 or a according to whether they are on the same side or the opposite side, respectively, of 
the general plane of the ring as the reference group. Nortropine and nor--tropine are 
therefore nortropan-3a-ol and -38-ol, respectively. 


EXPERIMENTAL 

N-A cetylnortropan-38-ol.—This was obtained from the carbamate [m. p. 138—140° (decomp.) ; 
Willstatter, Ber., 1896, 29, 1637, 2231] and acetic anhydride. The m. p. (128°) agrees with that 
recorded by Polonovski (Bull. Soc. chint., 1928, 48, 364). The hydrochloride was obtained by 
the action of 5-15n-hydrogen chloride in dry dioxan; it formed very hygroscopic crystals, m. p. 
155° (after sintering at 150°), from ethanol-ether (Found: N, 6-7; Cl~, 17-1. C,H,;0,N,HCl 
requires N, 6-8; Cl-, 17-1%). Potentiometric titration with 0-1N-sodium hydroxide showed it 
to be an acylamine salt. 

N-Benzoylnortropan-38-ol.—This was obtained by Schotten—Baumann benzoylation of the 
carbamate (Willstatter, Joc. cit.); it had m. p. 166°. 

O-Benzoylnortropan-38-ol Hydrochloride.—Nortropan-38-ol carbamate (2-98 g.) in N-hydro- 
chloric acid was evaporated in a vacuum to dryness, benzoyl chloride (2-82 g.) was added, and 
the mixture was heated on the steam-bath for 5 hours. The last trace of acid chloride was 
removed with dry ether, and the residue crystallised from ethanol-ether. The O-benzoyl 
hydrochloride (4-2 g.) had m. p. 212° (Found: N, 5-15; Cl-, 13-0. C,,H,,O,.N,HCI requires N, 
15-25; Cl~, 13-25%). 
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O-A cetvlnortropan-38-ol Hydrochloride.—Nortropan-3$-ol hydrochloride (0-6 g.) was re- 
fluxed with acetyl chloride (1-5 ml.) for 1 hour. The product (0-45 g.; m. p. 207°) gave the 
O-acetyl derivative as hygroscopic needles, m. p. 213—214°, from alcohol-ether (Found: C, 
51:7; H, 8-0; N, 68; Cl-, 16-7. CyH,,0.N,HCI requires C, 52-5; H, 7-8; N, 6-8; CI-, 17-19%). 
The curve obtained on electrometric titration with 0-1N-sodium hydroxide was different from 
that of the N-acetyl derivative and resembled that of ammonium salts. 

N-Benzoylnortropan-3a-ol.—Prepared as described by Willstatter (Ber., 1896, 29, 
this had m. p. 125°. 

O-Benzoylnortropan-32-ol Hydrochloride.—Nortropan-3x-ol hydrochloride was refluxed with 
excess of benzoyl chloride for 5 hours, the mixture filtered, and the salt washed with dry ether 
(Found: N, 5-45. C,,H,;0O,N,HCI requires N, 5-25%). It had m. p. 214—216°. 

N-A cetylnortropan-3a-0l Hydrochloride.—Prepared from N-acetylnortropan-3x-ol (0-75 g.), 
dioxan (2 ml.), and 5n-hydrogen chloride in dioxan (2 ml.), the hydrochloride (0-75 g.) formed 
needles (from ethanol-ether), m. p. 160—-163° [Found: C, 51-9; H, 8-0; N, 6-7; Cl~ (deter- 
mined potentiometrically), 16-4. Calc. forC,H,O,N,HCI: C, 52-5; H, 7-8; N, 6-8; Cl7, 17-3%%]. 
Polonovski (Bull. Soc. chim., 1927, 41, 1190) gave m. p. 162° and analytical data for chlorine 
content only. Potentiometric titration with 0-1N-sodium hydroxide gave a typical acylamine 
curve. 

O-Acetylnortropan-3x-0l Hydrochloride.—Tropan-3-yl carbamate (0-6 g.) was converted by 
treatment with 5n-hydrogen chloride in dioxan (0:5 ml.) into the hydrochloride (0-614 g.), which 
was acetylated with excess of boiling acetyl chloride. The O-acetyl hydrochloride formed 
colourless needles (0-6 g.), m. p. 192—194° (Found: C, 52-6; H, 7-9; N, 6:7; Cl-, 17-1%). 
Potentiometric titration gave a curve typical of ammonium salts. 


NO and O-N acyl-migration experiments. 


Benzoyl Derivatives of Nortropan-38-0l.—N->O migration. 5N-Hydrogen chloride (0-4 ml.) 
was added to N-benzoylnortropan-38-ol (0-230 g.) in hot anhydrous dioxan (5 ml.), and the 
solution set aside at 25° for 24 hours. Removal of the solvent under reduced pressure and 
crystallisation (ethanol-ether) gave crystals (0-150 g.), m. p. 214° alone or mixed with O-benzoy]- 
nortropan-38-ol hydrochloride (Found: C, 62°35; H, 6-9; N, 15-4; Cl-, 13-0%). Potentio- 
metric titration gave a typical ammonium salt curve. 

O+>N migration. 2Nn-Sodium hydroxide (2 ml.) was added to the O-benzoyl derivative 
(0-267 g.) in water (5 ml.). Crystallisation from ethyl acetate-light petroleum of the solid 
(0-230 g.), obtained when the gummy product was set aside, gave the N-benzoyl derivative, 
m. p. and mixed m. p. 166°. 

Benzoyl Derivatives of Nortropan-3«-0l.—Attempted N->O migration. N-Benzoylnortropan- 
3x-0l was recovered unchanged after treatment by the method which converted N-benzoyl- 
nortropan-38-ol into the corresponding O-benzoyl compound. 

Attempted O->N migration. The O-benzoyl hydrochloride was treated with n-sodium hydroxide. 
Crystalline material could not be obtained from the product, which was therefore converted 
into the picrate. This formed golden-yellow needles, m. p. 232° (Found: C, 52-4, 51-9; H, 
4-3, 4:4; N, 12-4. C,.H,,0O,N,C,H,0O,N, requires C, 52-2; H, 4:3; N, 12-25%). No picrate 
could be obtained, under identical conditions, from N-benzoylnortropan-3a-ol; the picrate 
must therefore be that of the O-benzoyl compound. 

Acetyl Derivatives of Nortropan-38-ol.—N->O migration. When N-acetylnortropan-38-ol 
hydrochloride (0-350 g.) was heated at 160° for 10 minutes, it melted and then solidified. The 
residue, on crystallisation from alcohol-ether, gave the O-acetyl isomer (0-220 g.), m. p. 213°, 
identified by mixed m. p. and potentiometric titration with a sample prepared by O-acetyl- 
ation of nortropan-38-ol hydrochloride. 

O->N migration. The O-acetyl hydrochloride was neutralised with 0-1N-sodium hydroxide, 
and the solution extracted with ethyl acetate. The N-acetyl compound obtained had m. p. 
and mixed m. p. 125—-126°. 

Acetyl Derivatives of Nortropan-32-0l.—Attempted N->O migration. N-Acetylnortropan-3«- 
ol hydrochloride (192 mg.) was heated at 160° for 10 minutes. Repeated recrystallisation of 
the product gave crystals (ca. 0-5 mg.), m. p. 192—-194° not depressed on admixture with the 
O-acetyl compound, prepared by O-acetylation of nortropan-3x-0l hydrochloride (Found : 
C, 52-6; H, 7-9; Cl-, 17-1. C,H,,0,N,HCI requires C, 52:5; H, 7-8; Cl-, 17°3%). 
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151. The Stereochemistry of the Tropane Alkaloids. Part II.* 
The Configurations of the Cocaines. 


By GAsBor Fopor and (in part) Op6N KovAcs. 


The configurations of the epimers, ecgonine (Ia) and y-ecgonine (IIa), 
and cocaine and y-cocaine, have been established by acyl migration and 
other stereospecific reactions. The C,s-hydroxyl group proved to be « in 
ecgonine and (3 in y-ecgonine.t 

Ecgonine readily formed anhydroecgonine by trans-elimination of water 
from C,, and C,,,, but Y-ecgonine did not under a comparable reaction. 

Acyl migration in the 2-benzamidotropan-3-ols, prepared from ecgonine 
and y-ecgonine by Curtius reaction, showed that the C,,-carboxyl and the 
C,s,-hydroxyl group are cis in ecgonine and trans in y¥-ecgonine. 

Ecgoninol and y-ecgoninol were prepared; only the former forms a 
cyclic benzylidene acetal. 

These facts strongly suggest that cocaine is (—)-3a-benzoyloxy-2a- 
carbomethoxytropane, whilst ¢-cocaine is the 2x : 38-epimer. 


THE determination of the relative configuration of the nitrogen bridge and the Cy)- 
hydroxyl group in the epimeric tropines (Fodor and Nador, Nature, 1952, 169, 462; 
Part I *) appears to be extensible to other amino-alcohols having rigid ring systems, and 
the elucidation of the configurations of the ecgonines and cocaines therefore seems 
practical. 

With hydrogen chloride in dioxan N-acetylnor--ecgonine (IIc) ethyl ester gives 
O-acetylnor-ys-ecgonine ethyl ester hydrochloride, whereas, under identical conditions, 
the corresponding ecgonine (Ic) ester does not give an amino-ester salt. Further, when 
O-benzoylnorecgonine (Ib) is liberated the resulting base does not rearrange into the 
N-acyl derivative but titrates towards 0-1N-acid as a univalent base. It therefore 
appears that the C,)-hydroxyl group in nor--ecgonine is $-oriented with respect to the 
nitrogen bridge, and «- in norecgonine and cocaine. 

Ecgonine (Ia) and -ecgonine (IIa) are the main reduction products of the same methyl 
ketotropine-2-carboxylate (Willstatter, Wolfes, and Mader, Annalen, 1923, 434, 111), but 
this fact alone does not indicate conclusively that they are C;,)-epimers, as racemisation 
may have occurred at Ci, through enolisation. However, ecgonine epimerises under 
the conditions required for the C,)-epimerisation of tropine into %-tropine (Einhorn and 
Marquardt, Ber., 1890, 23, 468), and the anesthetic properties of y-cocaine more closely 
resemble those of benzoyl--tropine than those of cocaine (Willstatter, loc. cit.). 

These facts, together with the acyl-migration experiments now reported, indicate for 
ecgonine the 3«- and for %-ecgonine the 38-tropanol structure. Eichengriin and Einhorn 
(Ber., 1890, 23, 2870) reported that anhydroecgonine dibromide, in the presence of alkali, 
yields an unstable ‘ «-bromoecgonine-$-lactone,” which would suggest that the Cy)- 
carboxyl group is cis to the Cy-hydroxyl group. However, there is no evidence of the 
relative configuration of this lactone to ecgonine. 

There are no generally applicable methods for the determination of configuration in 
é-hydroxy-acids, but Toivonen’s method (Acta Chem. Scand., 1949, 3, 991) gave satisfactory 
results for the isomeric $-hydroxycamphoric acids. However, even under the mildest 
conditions of condensation with chloral hydrate, ecgonine dehydrates, whereas ys-ecgonine 
does not react at all. This agrees with earlier findings (cf. Manske and Holmes, “ The 
Alkaloids,” p. 299, Acad. Press, 1950) of the ready dehydration of ecgonine. This indicates 
that in ecgonine the Cig-carboxyl and the C)-hydroxyl group are cis-placed, a trans- 
arrangement following for the epimer (II). Only an ionic frans-elimination (polar—polar 
in the boat form of the cycloheptane ring) (Alexander, “ Principles of Ionic Organic 
Reactions,” p. 118, Chapman and Hall, London, 1950) would favour dehydration. 

For supporting evidence the two ecgonine Ci)-epimers have been converted into the 
corresponding 2-benzamidotropan-3-ols. By establishing the relative configuration of 
the 2-amino-group and the 3-hydroxyl group in these compounds it is possible to infer the 


* Part I, preceding paper. + For the stereochemical notation used, see Part I. 
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configuration of the Ci.)-carboxyl group in the two ecgonines, since in the Curtius degration 
the original configuration should be retained (Alexander, of. cit., p. 64; cf. Wheland, 
‘Advanced Organic Chemistry,” p. 525, Wiley, New York, 1949). The only reported 
example of inversion in this reaction relates to the diazide from trans-cyclohexane-1 : 3- 
dicarboxylic acid (Skita and Réssler, Ber., 1939, 72, 461). 

The 2-benzamidotropanol from 3«-ecgonine, with ethanolic hydrogen chloride at 80°, 
rapidly underwent N-+>O acyl migration, and (VI), obtained by degradation of 
O-benzoyl-32-ecgonine, instantaneously underwent O->N acyl migration, in the presence 


(a) R= H; (0) R = Me; (c) R = Ac. 


of alkali, yielding 2a-benzamidotropan-32-ol (IV), which titrated as a univalent base. 
Curtius degradation of O-benzoyl-3¢-ecgonine, on the other hand, gave a rather poor yield 
of the benzamidotropanol (V), in which the benzoyl group showed no appreciable tendency 
to migrate in the presence of alcoholic hydrogen chloride. The Ciy-carboxyl group and 
the C;,)-hydroxyl group are therefore cis-oriented in 3a-ecgonine and trans in 3$-ecgonine. 

The lithium aluminium hydride reduction of cocaine and #-ecgonine methyl ester to 
ecgoninol (recently prepared by Rosenmund and Zymalkovski, Ber., 1952, 85, 152, from 
ecgonine ester) and y-ecgoninol, respectively, does not affect the configurations in the two 
systems. While the conductivities of the boric acid complexes show no clear distinction 
between the two epimeric diols, ecgoninol readily affords a well-defined, though sensitive, 
benzylidene acetal, whereas y-ecgoninol does not. Ecgonine and cocaine are 
therefore (—)-2«-carboxytropan-3«-ol and (—)-3-benzoyloxy-2«-carbomethoxytropane, 
respectively, whilst %-ecgonine and y-cocaine contain the 2« : 33-configuration. 

Since the synthetic ‘‘ third racemate’”’ of ecgonine (Willstatter, Wolfes, and Mader, 
Annalen, 1923, 434, 111) does not epimerise, but dehydrates instead to anhydroecgonine, 
it appears that the Cy-hydroxyl group and the Cy)-hydrogen atom are ¢rans-oriented. 
The C,,-hydroxyl group must therefore be 8 with respect to the nitrogen bridge. A fourth 
racemate, based on 26-carboxytropan-3a-ol, is predictable; these two racemates will be 
investigated. 

EXPERIMENTAL 
M. p.s are corrected. 

N-Acetylnor-38-ecgonine (IIc) Ethyl Ester.—(-+-)-Nor-38-ecgonine (II; R = H) ethyl ester 
(Einhorn and Friedlander, Ber., 1893, 26, 1482) (2-14 g.) was acetylated with acetic anhydride 
(2 ml.). The N-acetyl derivative (2 g.) formed drab crystals (from ethyl acetate), m. p. 112° 
(Found: C, 59-6; H, 7-7; N, 6-0. C,,H,,O,N requires C, 59-6; H, 7-85; N, 6-0%). 

N->O acyl migration. The N-acetyl derivative (0-213 g.) in anhydrous dioxan (2 ml.) was 
heated with 7-5n-hydrogen chloride in dioxan (2 ml.) on the steam-bath for 4 hours. 

O-A cetylnor-38-ecgonine ethyl ester hydrochloride (111) (0-10 g.) had m. p. 228—229°, [a]? 
-+ 27-3° (c, 2 in water) (Found: C, 52:1; H, 6-95; N, 5-4; Cl-, 12-3. C,,H,,O,N,HCI requires 
C, 51-9; H, 7:25; N, 5-05; Cl-, 12-8%). This salt is quite stable in water, the solution having 
pH ~7. This stability, together with the high m. p., suggests an amino-ester rather than an 
acylamide salt. 

O->WN acyl migration. The O-acetyl hydrochloride (0-584 g.) in anhydrous ethanol (2 ml.) 
was treated with n-ethanolic sodium ethoxide (2-1 ml.); the product was proved to be the 
N-acetyl compound by m. p. and mixed m. p. 

N-A cetylnor-3a-ecgonine (I; R = Ac) Ethyl Estey.—Norecgonine (I; R = H) ethyl ester 


Fodor and Kovdcs : 


(Einhorn, Bey., 1888, 21, 3029) (1-6 g.) was acetylated (steam-bath) with acetic anhydride 
(3 ml.) for } hour. The N-acetyl derivative formed needles (0-485 g.) (from ethyl acetate), 
m. p. 150°, [a)#? —19-4° (c, 2 in ethanol) (Found: C, 59-5; H, 7-6; N, 6-2. C,,H,,O,N requires 
C, 59-6; H, 7°85; N, 58%). 

N->O acyl migration. Under the conditions used above for the N->O migration in the 
nor-38-ecgonine derivative, the 38-epimer did not yield an amino-ester salt. 

O->N acyl migration. When the free amino-ester was liberated from O-benzoylnor-3x- 
ecgonine hydrochloride (obtained by oxidative degration of O-benzoylecgonine with potassium 
permanganate), the N-benzoyl derivative could not be detected. The product was monobasic 
towards 0-1n-hydrochloric acid. 

Derivatives of 3a-Ecgonine.—2x«-Benzamidotropan-3x-ol (IV). (-—)-Benzoyl-3x-ecgonine (as 
I; Kk = Me) (6-94 g.), prepared by hydrolysis of cocaine (Liebermann and Giesel, Ber., 1888, 
21, 3196), was dissolved in thionyl chloride (7 ml.) with cooling. The acid chloride hydro- 
chloride, obtained on removal of the excess of thionyl chloride, was added to sodium azide (1-7 g.) 
in water (5 ml.) with ice-cooling and vigorous stirring. The mixture was then added to boiling 
0-1N-hydrochloric acid (80 ml.) which, after evolution of nitrogen had ceased, was cooled to 15° 
and treated with 5N-sodium hydroxide (10 ml.). The precipitate was taken up in chloroform, 
furnishing a brown solid (3-515 g.) which was converted into the hydrochloride by 
ethanolic hydrogen chloride. 2«-Benzamidotropan-3-ol hydrochloride formed colourless 
crystals (1-702 g.), m. p. 228° (from anhydrous ethanol), [a]}? —40-5° (c, 2 in water) (Found : 
C, 60-55; H, 6-9; N, 9-3; CI, 11-5. C,sH,gO.N,,HCl requires C, 60-4; H, 7-1; N, 9-45; 
Cl-, 12-0). The free base formed colourless needles, m. p. 163°, [«]j? —6° (c, 2 in water) from 
ethanol-hexane [Found: C, 69-5; H, 6-9; N, 106%; equiv. (potentiometrically), 265. 
C15H290,N, requires C, 68-9; H, 7-6; N, 10-7%; equiv., 261]. 

2a-A mino-3a-benzoyloxytropane dihydrochloride (V1). 2«%-Benzamidotropan-3z-ol hydro- 
chloride (0-25 g.) in anhydrous methanol (2 ml.) was refluxed on the steam-bath for 15 minutes 
with 3-5n-ethanolic hydrogen chloride (3-3 ml.). The O-benzoyl dihydrochloride (0:25 g.), 
which crystallised from the boiling solution, had m. p. 214—215°, [~]?? —21-9° (c, 2 in water) 
(Found: C, 54-3, 53-9; H, 7-1, 6-9; N, 8-5, 8-3; Cl-, 20-9, 20-0. C,,;H,O,N,,2HCI requires 
C, 54-0; H, 6-7; N, 8-4; CI-, 21-3%). 

The reverse migration occurred instantaneously when the dihydrochloride in water was 
treated with N-sodium hydroxide. The benzamido-compound, m. p. 163°, was obtained in 
nearly quantitative yield. 

2a-Aminotropan-3a-ol dihydrochloride. The mother liquors from the preparation of 
2a-benzamidotropan-3z-ol hydrochloride (cf. above) were evaporated and the residue hydrolysed 
with 10% hydrochloric acid (20 ml.) for 2 hours. After extraction with ether, the aqueous 
solution was evaporated; crystallisation of the residue from methanol-ethyl acetate gave the 
dihydrochloride as prisms (0°63 g.) (Found: C, 41:2; H, 7:5; N, 11-6; ClI-, 29-5. 
C,yH,,ON,,2HCI requires C, 41-7; H, 7-8; N, 12-2; CI-, 30-8%). 

Derivatives of 38-Ecgonine.—(—)-O-Benzoyl-38-ecgonine. 38-Ecgonine was treated with 
benzoyl chloride (0-5 mol.), and the derivative isolated through the well-crystallised mitrate, 
m. p. 187° (Found: C, 55-3; H, 6-0; N, 8-2. C,H ,O,N, requires C, 54-3; H, 5-7; N, 
7-95%,), mentioned by Einhorn and Marquardt (Ber., 1890, 23, 979). The benzoate was obtained 
by adding sodium ethoxide to an alcoholic solution of the nitrate. 

2a-Benzamidotropan-38-ol (V). The benzoate (2-5 g.) was refluxed with excess of thionyl 
chloride (16 ml.), and the acid chloride hydrochloride (2-54 g.) precipitated with m-hexane 
(Found: C, 55:0; H, 5-5; N, 4:15; CI-, 20-7. C,,gH,,0,;NCI,HCl requires C, 55-7; H, 5-5; 
N, 4:1; Cl , 20-6°¢). The acid chloride (0-933 g.) in chloroform (10 ml.) was added to sodium 
azide (0-39 g.) in water (1 ml.) with stirring. After 10 minutes, 3-12N-hydrochloric acid (1 ml.) 
was added, the chloroform then removed on the steam-bath, and more (1 ml.) of the acid added. 
The solution was boiled for 2 minutes and 4-8N-sodium hydroxide (2 ml.) added with stirring. 
The precipitated gum was extracted with ethyl acetate, the extract dried (Na,SO,) and 
evaporated, and the amorphous residue (0-474 g.) crystallised from benzene-n-hexane. 2z- 
Benzamidotropan-38-ol (0-147 g.) formed needles, m. p. 203°, [x]7? +82° (c, 2 in water) (Found: 
C, 68-2; H, 7-8; N, 10-5. C,,H,.O,N, requires C, 68-9; H, 7-6; N, 10°7%). 

O-Acetyl-38-ecgonine hydrochloride. 38-Ecgonine hydrochloride (5 g.) was acetylated with 
acetyl chloride (50 ml.) in acetic anhydride (100 ml.) on the steam-bath for 3 hours. The 
acetate, precipitated by carbon tetrachloride (300 ml.), formed needles (3-5 g.), m. p. 238—240° 
(Found: N, 5:3; Cl-, 13-6; Ac, 17-0. C,,H,,O,N,HCI requires N, 5-3; ClI~, 13°5; Ac, 
15-99%). Treatment with hot thionyl chloride gave the acid chloride hydrochloride, m. p. 205— 


(1953) The Stereochemistry of the Tropane Alkaloids. Part II. 


207° (decomp.) (Found: Cl, 24:9. C,,H,,0,NCI,HCl requires Cl, 25-1°%), which was subjected 
to Curtius degradation in a manner similar to that used for the O-benzoyl compound. The 
product was benzoylated with benzoy! chloride and N-sodium hydroxide, but the precipitated 
gum could not be crystallised. 

Attempted N->O acyl migration. Under the conditions used for attempted migration 
of the 2«: 3x-epimer, 2a-benzamidotropan-38-ol gave a monohydrochloride (Found: N, 8-4; 
CI, 11-5. Calc. for C,;H.0,N,,HCl: N, 9-4; Cl, 11-959), which with an excess of ethanolic 
picric acid gave a monopicrate, m. p. 220° (decomp.) (Found: N, 14-1. Cale. for 
C,53H_O.Ng,Cg.H,0,N : N, 14:3%). 

( —)-3x-Ecgoninol.—A solution of cocaine (30-3 g.) in dry ether (300 ml.) was added with 
ice-cooling and mechanical stirring, during 50 minutes, to an ethereal solution (0-5m; 600 ml.) 
of lithium aluminium hydride; stirring was continued for a further 30 minutes. Water (25 ml.) 
was then added dropwise and agitation continued for 50 minutes. The precipitated aluminium 
hydroxide was extracted with ethanol (total, 450 ml.), the pH of the combined extracts adjusted 
with ethanolic hydrochloric acid to pH 3, and the solvent then evaporated in vacuo. 32- 
Ecgoninol hydrochloride (16-8 g.) had m. p. 270—272° after several crystallisations from 
ethanol [Rosenmund (loc. cit.) recorded m. p. 276° for the product of hydrogenation of (—)- 
ecgonine], [x]}? —37-3° (c, 3 in water) (Found: C, 51-8; H, 85; N, 67; Cl-, 16-9. Cale. for 
C,yH,,0,N,HCI: C, 52-0; H, 8-7; N, 6-75; Cl~, 17-1%). Shaking an aqueous solution of the 
hydrochloride with silver oxide for 2 hours liberated the free base as an oil. 

(+-)-38-Ecgoninol.—To an ethereal solution (0-5m; 800 ml.) of lithium aluminium hydride 
an ethereal suspension (300 ml.) of (-+-)-38-ecgonine methyl ester (19-9 g.; m. p. 116°) was 
added with stirring during 2 hours, and the stirring was continued a further 2 hours. The 
complex salt was decomposed with water (30 ml.) added dropwise, the precipitate taken up in 
ethanol (3 x 200 ml.), the solution evaporated to dryness, and the residue crystallised from 
acetone. 3-Ecgoninol (10-1 g.) had m. p. 1381—133°, [a]? +-58-3° (c, 3 in water) (Found: C, 
63-3; H, 9-8; N, 8-3. C,H,,O,N requires C, 63-3; H, 9-95; N, 8-2). The hydrochloride, 
prepared from the base and 5n-ethanolic hydrochloric acid, formed needles m. p. 232—233°, 
[a]%? +-46-3° (c, 3 in water) (Found: C, 51-7; H, 8-5; N, 7-0; CI7, 16-9%). 

OO’-Benzylidene-3a-ecgoninol (VII) Benzenesulphonate.—3a-Ecgoninol (5-13 g.) was dissolved 
in freshly distilled benzaldehyde (50 ml.), and benzenesulphonic acid (5-70 g.) added. After the 
transitory violet fluorescence had disappeared the solution was heated at 85°/40 mm. for 
5 hours, some of the benzaldehyde distilling off into concentrated sulphuric acid. During the 
night needles crystallised from the solution and more were obtained by addition of light 
petroleum. The benzenesulphonate formed colourless needles (from ethanol-ether) (6-5 g.), 
m. p. 192—194°, [a]? —9-43° (c, 2 in ethanol) (Found: C, 63-1; H, 6-2; N, 3-8; S, 7-7. 
CopH,,O0,NS requires C, 63-3; H, 6-5; N, 3:35; S, 7-7%) This compound was very sensitive 
to water and alcoholic mineral acids; excess of alcoholic hydrochloric acid cause immediate 
cleavage into 3x-ecgoninol hydrochloride. 

Similar treatment of 38-ecgoninol failed to give any benzylidene derivative; the product 
gave correct analytical data for 38-ecgoninol benzenesulphonate (Found: C, 54:3; H, 6-95; 
N, 3:8; S, 9:25. C,;H.,0;NS requires C, 54:65; H, 7:0; N, 4:25; S, 9-7%). 

Reaction of the Ecgonines with Chloral Hydrate.—(a) (2a: 3)-Ecgonine hydrochloride 
(2-22 g.) and chloral hydrate (1-66 g., 1 mol.) were intimately mixed and 98% sulphuric acid 
(4 ml.) added with stirring. After 2 hours at 20° the solution was treated with dry ether 
(5 x 15 ml.), and the residue washed with dry ethanol-ether (1:1; 5 x 10 m1.) in the centrifuge 
tube. The white product (1-25 g.), m. p. 247—249° (decomp.), gave analytical data suggestive 
of anhydroecgonine hydrogen sulphate (Found: C, 40-4; H, 5-7; N, 4:8; S, 12-5. C,H,,0,NS 
requires C, 40-7; H, 5-7; N, 5-3; S, 12-1%). Addition of barium chloride to an aqueous 
solution of the salt gave anhydroecgonine hydrochloride, m. p. 2388—240° (Liebermann, Ber., 
1907, 40, 3602, gave m. p. 241°). 

(b) (2%: 38)-Ecgonine (2-22 g.) similarly treated gave (2a: 38)-ecgonine hydrogen sulphate 
(1:15 g.), m. p. 225° (Found: C, 37-9; H, 6-0; N, 4:85; S, 11-45. C,H,,0O,NS requires C, 
38-15; H, 6-0; N, 4:95; S, 11-3%). 

This work reported in this and the preceding paper was supported by the Hungarian 
Academy of Science. The author is indebted to Dr. Eva Fodor-Varga for microanalyses 
and conductometric titrations, to Miss C. Lang for nitrogen and halogen estimations, and to 
Misses E. Fiizessy and A. Borbas for their technical assistance. 
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152. Vhe Infra-red Spectra of Organo-phosphorus Compounds. Part 
I11.* Aliphatic Acids and Compounds Related to Natural Products. 
By L. J. Bettamy and L. BEECHER. 

Structural correlations for the P-OH, P—O, and ionic phosphate groups 
have been examined for a series of aliphatic organic acids of phosphorus and 
it has been found that a number of naturally occurring organo-phosphorus 
compounds show bands in the regions where absorption bands characteristic of 
these groupings might be expected. 


In Part II * correlations were tentatively proposed for a number of structural units of 
aromatic organic acids of phosphorus. A parallel study has now been made on aliphatic 
materials; these are of particular interest in the interpretation of the spectra of natural 
products. 
EXPERIMENTAL 

The simple compounds whose spectra have been measured were all synthetic products pre- 
pared in our laboratories. All were believed to be of reasonably high purity and the phosphorus 
contents and equivalent weights were checked in all cases. The complex naturally occurring 
materials examined were kindly supplied by Dr. Malkin, of Bristol University, and these also 
are believed to be of high purity. 

The spectra were obtained by using a Perkin-Elmer 21B recording spectrometer with a rock- 
salt prism. Liquids were examined as thin capillary films, and solids as pastes in paraffin oil. 
Where possible, solution spectra in inert solvents were also obtained. 


RESULTS 

The results obtained are summarised in Table 1 and the spectra are shown in Figs. 1—20. 
The table also includes a small number of aromatic compounds which have not been 
reported previously. 

(1) Simple Aliphatic Acids and Salts.—(a) The P=O vibration. It has already been 
shown (Part II) that in the aromatic acids the absorption frequency of the P—O 
linkage shifts to lower frequencies owing to hydrogen-bonding effects, and that at the same 
time the intensity is considerably increased. The absorption frequencies for the aliphatic 
acids now examined are given in Table 1 and it will be seen that a similar effect has been 
observed in this case. The average absorption frequency is slightly lower than that of the 
comparable aromatic series, just as the absorption frequencies of the trialkyl phosphates are 
slightly lower than those of the triaryl phosphates. This probably reflects the difference 
in the electronegativities of the substituents (Daasch and Smith, Analyt. Chem., 1951, 28, 
853). 

The assignment of these bands to the bonded P—O vibration is based on the facts that 
(i) in no instance is there any other band in the 1200—1300 cm.! region in which the 
P=O vibration is to be expected (Meyrick and Thompson, /., 1950, 225); (ii) the band 
vanishes in all cases on formation of the silver salts, and (iii) the OH stretching absorptions 
indicate that hydrogen bonds of very considerable strength are present. 

(b) The P-OH vibration. The frequency of the P-OH stretching mode is unlikely to be 
much altered by the substitution of aliphatic for aromatic substituents, and it will be seen 
from Table | that this is the case and that broad absorptions occur in the region 2560— 
2700 cm.-!. A similar absorption has recently been noted by Freidman and Seligman 
(J. Amer. Chem. Soc., 1951, 78, 5292) for the half salt of -naphthyl dihydrogen phosphate. 

The broad, shallow absorptions between 1600 and 2500 cm.~! are again present in all the 
dialkyl phosphates but, as before, the band near 1600 cm.~! occurs only in the disubstituted 
acids and is absent from the spectra of the monosubstituted products. It would therefore 
seem likely that this band will afford a useful means of differentiating between mono- and 
di-substituted materials. 

The P-OH deformation mode has been tentatively assigned to the region near 1030 cm.7! 
in aromatic acids (Part IT, /oc. cit.) but it cannot be observed in these materials owing to the 

© Part IT;*7., 1952, 1701. 
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strong absorption of the P-O-C(aliphatic) grouping at this point. However, many of 
these compounds show no absorption between the P—O band near 1220 cm.~! and the 
P-O-C band near 1030 cm."}, so it is reasonable to suppose that the P-OH deformation 
absorption is superimposed on the P—O-C band in these cases. 


wie sk. 


1500 
Wave -nos. (cm.*') 


7 ") 


Wave- ros. (cm. 


1500 
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(c) The P-O-C(aliphatic) vibration. The assignment of the P-O-C vibration to the 
1030 cm."! region rests upon its invariable occurrence in the large number of such compounds 
which have been examined by us and by Daasch and Smith (loc. cit.), and also upon 
our observation that the intensity of this band is directly proportional to the number of 
groups present. Recently, however, Bergmann, Littauer, and Pinchas (J., 1952, 847) 
have suggested on general grounds that this absorption arises from the unsymmetrical 
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stretching mode of the three alkoxy-groups of trialkyl phosphates. This suggestion is 
rendered unlikely by the fact that we do not find any substantial alteration in the frequency 
when one or two of the alkoxy-groups are replaced by hydroxyl groups (Table 1) or by 
aromatic residues (J., 1952, 475). Similarly, ethyl NN-dimethylphosphoramidochloridate 
(dimethylaminochlorophosphinate) * and related compounds also absorb near 1030 cm.7} 
(Holmstedt and Larsson, Acta Chem. Scand., 1951, 5, 1179), so this absorption appears to 
depend directly on the presence of the P-O-Alkyl group. 

Bergmann et al. (loc. cit.) have found that this band shifts to lower frequencies in 
branched-chain compounds. We have confirmed their finding that this band is at 996 cm."} 
in triisopropyl phosphate, but the effect does not appear to be general, for bis-2-ethylhexyl 
hydrogen phosphate and ditsobutyl hydrogen phosphate absorb normally (Table 1), as do a 
number of branched-chain phosphates and phosphites which we have previously examined. 

(d) The ionic phosphate vibration. With the aromatic organic acids of phosphorus, salt 
formation results in the disappearance of the P—O band and its replacement by a band in 
the 1050—1100 cm."! region which we have tentatively ascribed to the ionic phosphate 
vibration. A similar effect is found with the aliphatic acids except that, as will be seen 
from Table 1, the frequency shift is very much less marked and the ionic phosphate absorp- 
tion occurs in the 1150 cm."! region. This indicates that the P-O bond length is shorter 
in the aliphatic than in the aromatic salts. Like that of the P—O vibration, therefore, 
the ionic phosphate frequency is liable to shift with alteration in the electronegativity of 
the substituent groups, but in this case the effect is very much more marked. 

Dibenzyl hydrogen phosphate is interesting in that its silver salt shows two bands, at 
1081 and 1180 cm.-!, both of which are absent from the free acid. The lead salt, however, 
shows only the 1180 cm.! band, which is therefore the ionic phosphate absorption. Fre- 
quency changes have been observed in some other substances on substitution of the lead 
for the silver salt but these are small in all cases. 

(e) The 980 cm. region. Bergmann et al. (loc. cit.) suggested that an absorption they 
observed near 980 cm."! in trialkyl phosphates may arise from the in-phase symmetrical 
vibration of the three alkoxy-groups. This band is particularly interesting owing to its 
intensity and to the fact that it appears in a very high proportion of the organo-phosphorus 
compounds we have examined. However, the same objections apply to this suggestion 
as to the similar one relating to the unsymmetrical mode, in that the frequency remains 
essentially unchanged on replacement of all the alkoxy-groups by aromatic residues or on 
the replacement of one or two of them by hydroxyl groups or by chlorine. The absorption 
occurs in all those compounds we have examined which contain the residue >PO-O- or 
>PS:O~ regardless of the nature of the substituents, and it is very largely absent from 
compounds in which these groups are absent. The intensity also appears to be related to 
the number of P-O-R groups present. It occurs in triphenyl phosphate but is absent from 
triphenyl phosphite, and it is present also in ethyl NN-dimethylphosphoramidochloridate 
(Holmstedt and Larsson, loc. ctt.) and absent from bisdimethylaminofluorophosphine oxide. 
We would therefore prefer to regard it as being essentially related to a P—O stretching mode 
of a quinquevalent phosphorus atom. 

The 1030 cm.? band would then be regarded as arising essentially from the O-C link 
of the P-O-C skeleton, whereas the 980 cm."! band would arise from the P-O link. This 
would explain satisfactorily the occurrence of the 1030 cm.! band at the same position as 
that in which it is found in ethers and in Si-O-C compounds, and would also explain why 
only the former is affected if the ether carbon atom is unsaturated whilst only the latter is 
affected if the valency state of the phosphorus atom is changed. However, it is difficult to 
see why two frequencies as close as these do not show more interaction. The band also 
shows an inexplicable variation in intensity in a few cases. In nearly all the compounds 
examined it is exceedingly strong but it is relatively weak in tributyl phosphate and some 
other higher trialkyl phosphates. Its intensity is also reduced in many of the dialkyl 
hydrogen phosphates. In all the aromatic compounds the band vanishes on salt formation 
or is much reduced in intensity, indicating its dependence upon the presence of the P=O 


* The names now used are those agreed upon by the Chemical Society and the American Chemical 
Society (cf. Proc., 1952, 138); the older British names are added in parentheses. 
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group. With aliphatic materials, a weaker band often persists in the same general region 
which, coupled with the reduced intensity of the band in the free acid, makes these results 
indecisive. More work will be required before the origin of this interesting band can be 
adequately defined. 
TABLE 1. 
Assignments (cm.~!) 


A 


coef 


Cle Oto oO 


oo 


Phosphate P-OH (St.) — 1600—2500 
Di-n-butyl hydrogen 2600 1665, 2280 
Silver di-n-butyl on 
Diisobutyl hydrogen 2580 1665, 2160 
Lead diisobuty] 

Di-n-amyl hydrogen 2590 1665, 2290 
Ditsoamyl] hydrogen 2600 1665, 2220 
Lead ditsoamyl — — 
Dibenzyl hydrogen 2560 1695, 2270 
Lead dibenzy] -- — 
Silver dibenzyl — 
Bis-2-ethylhexyl hydrogen 2560 1665, 2260 
Silver bis-2-ethylhexy] —e oe 
Octadecy] dihydrogen 2500-—2700 2240 
p-Octylphenyl dihydrogen 2660 2220 
Lead p-octylphenyl — — 
Lead di-p-nitrophenyl — 

Lead phenyl — 

(2) Natural Products and Related Substances.—The spectra of three ««’-disubstituted 
kephalins have been published by Baer, Maurukas, and Russell (J. Amer. Chem. Soc., 
1952, 74, 152) but they have not discussed them in relation to the vibrations associated 
primarily with the phosphorus residue. We have now examined a small number of 
materials to see how far the correlations so far derived can usefully be applied to such 
materials. The spectra of ««’- and «8-dilauroylkephalin and of «8-distearoyl-a’-glyceryl 
diphenyl phosphate are shown in Figs. 18—20 respectively, and the tentative assignments 
we have made relating absorption bands to structural units for these and other materials 
are given in Table 2. It is emphasised, however, that in substances of such complexity it is 
not possible to make definite assignments, and the only purpose of this table is to show 
that absorptions do, in fact, occur at the frequencies at which they might be expected from 
our work on simpler compounds. 


~ 
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1100 
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TABLE 2. 
Assignments 


ee ener ems Aa SR. Cosctndes 
Compound P-OH (St.) 1600—2500 P=O P-OL ‘ C-O 
1100 
1166 
1112, 1175 
1156 
1080 
1150—1180 
1080 
1176, 1190 
1087 
1160, 1168 


1026 3t 1093, 1163 


aa’-Dilauroylkephalin 2500—2700 2350 1228 1026 
af-Dilauroylkephalin 2510—2670 2090 1224 ; hen 

99 
a-Dilauroylkephalin, silver salt Nil Nil ea 


af-Distearoyl-a’-glyceryl dihydro- 2650 2150 1229 1050 
gen phosphate 1005 
aB-Distearoyl-a’-glyceryl diphenyl ~~ — 271 § re 
: > ii : 1060 
phosphate ‘ 
aa’-Dipalmitoyl-8-glyceryl N.N-di- 
phenylphosphorodiamidate (di- 
anilinophosphinate) 


ett atin TE tien Tt enti TE tin 


DISCUSSION 

The assignments of the P—OH stretching modes can be regarded as being reasonably 
certain, for few other substances absorb in these regions. The shallow band in the range 
2300—2100 cm.~! was also noted in all cases. The other band near 1660 cm."!, observed in 
monobasic acids, could not now be observed owing to masking by the C—O absorption. 
The occurrence of the P-OH absorption in the kephalins is interesting, since it indicates 
that, in contrast to the lecithins, they do not exist in a zwitterion form. This is suggested 
by the fact that the NH, stretching and deformation absorptions also appear in the normal 
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regions. These bands do not occur in the zwitterion benzyl hydrogen phosphoramidate 
(aminophosphonate), and OH and NH, absorptions are also absent from the spectra of the 
common amino-acids (cf. Randall, Fowler, Fuson, and Dangl, “‘ Infra Red Determination of 
Organic Structures,’ Van Nostrand, 1949). The co-existence of the OH and NH, groups 
in the same molecule may be due to the fact that the OH group is already strongly hydrogen- 
bonded. 

The absorptions of the P—O and P-O-C groups are difficult to differentiate from 
those of the glyceride C—O stretching absorptions. Shreeve, Heather, Knight, and Swern 
(Analyt. Chem., 1950, 22, 1498) have shown that triglycerides give a typical pattern of 
strong absorption near 1163 cm."!, flanked by weaker bands at 1250 and 1100 cm... The 
first and last of these are readily recognisable in these spectra and they have been assigned 
accordingly. However, the band near 1230 cm."! in all acidic materials is very much 
stronger than either of these and we have accordingly assigned it to the bonded P—O 
absorption. This is supported by the disappearance of the band in the silver salt of 
«3-dilauroylkephalin and by the fact that in «$-distearoyl-«’-glyceryl diphenyl phosphate, 
in which hydrogen bonding of the P—O cannot occur to the same extent, only a weak band 
occurs in this region and a strong P—O absorption occurs near 1270 cm."!._ None of these 
other substances with bonded P—O groups shows any absorption in the range 1250 
1300 cm."!. 

The assignment of the P-O-C absorption is also rendered difficult by the presence of these 
C—O absorptions and also by the possible appearance of P-OH deformation bands. We 
have assigned the P-O-C absorption as being the strongest band near 1030 cm."!, and it is 
noteworthy that no strong absorptions occur in this region in any of the triglycerides 
described by Shreeve et al. (loc. cit.). 

The doubling of the C=O absorption in the two «$-acids does not occur in the corre- 
sponding a«’-acids and this may be an indication that one of the two carbonyl groups of the 
a-acids is more strongly hydrogen-bonded than the other. The P-OH group may be 
involved in this bonding since only a single band is shown in «$-distearoyl-«’-glyceryl 
diphenyl phosphate in which the OH groups are substituted. If this preliminary observ- 
ation should be confirmed on examination of further members of this series, it might 
afford a rapid method for differentiating between ««’- and a$-glycerophosphoric acids. 


Thanks are offered to Mr. R. F. Branch for the preparation of samples and to the Chief 
Scientist, Ministry of Supply, for permission to publish this paper. 
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153. Vhe Determination of the Surface Tension and Viscosity 
of Liquid Chlorine Trifluoride. 
By A. A. Banks, A. Davies, and A. J. RUDGE. 


The surface tension of liquid chlorine trifluoride has been determined 
by the method of capillary rise over the temperature range 0—50°. The 
results are expressed by the equation y, = 26-7 — 0-16¢ + 0-2dyne/cm. The 
parachor for chlorine trifluoride is 111-5. The viscosity of chlorine trifluoride 
has been measured over the temperature range 18—-50°, the value at 20° being 
4:35 mp. 


INFORMATION on the physical properties of chlorine trifluoride is incomplete. In par- 
ticular, there are no data on the surface tension or the viscosity. We have measured these 
two properties for the compound prepared and purified as described by Banks and Rudge 
(J., 1950, 191). Work in this laboratory has shown conclusively that, contrary to Ruff and 
Krug’s statements (Z. anorg. Chem., 1930, 190, 270), neither liquid nor gaseous chlorine 
trifluoride reacts with dry glass when free from traces of hydrogen fluoride, Pyrex glass 
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showed no signs of etching after 10 hours’ contact with liquid chlorine trifluoride or with 
its vapour at 50°. 

The surface tension has been calculated from measurements of the difference in rise 
of the liquid in glass capillaries which, to minimise errors arising from optical distortion, 
were sealed externally to the reservoir (Fig. 1). The results obtained are given in the follow- 
ing table, the calculated values being obtained from the equation y,; = 26-7 — 0-16¢ +. 0-2 


y, dyne/cm. : y, dyne/cm. : 
Cale. Ay 100(Ay)* 5. Calc. 
26-7 -0- 22: 22-6 
26-3 22- 22-6 
26:1 . : 22- 21-7 
25:3 0 “{ 20- 20-7 
25-3 -O- 24 20- 20-6 
24-4 : : 20- 20-2 
23-8 “QE ie 20- 20-0 
23-4 . 9 19-2 
23-3 . ° 18-7 


09.7 
22°79 


dyne/cm., where y; is the surface tension between chlorine trifluoride and its vapour at ¢°. 
lhe R.M.S. deviation of the calculated from the observed values is -+0-2 dyne/cm. 


2:284 mm bore 
“capillary 


lic. 1. Surface-tension 0-586 mm. bore 
apparatus. capillary 


Scale 
o % linch 


Chlorine 
trifluoride 


From Banks and Rudge’s values (loc. cit.) for the density of liquid chlorine trifluoride 
and values of the surface tension calculated from the above equation, the parachor for 
chlorine trifluoride has been calculated to be 111-5, as indicated below, M being 92-5. 


t 
Suriace tension (y), GyMOlGMs. <iincseevcercscecccsesessivens 
yt 
Density (p,) of liquid CIF,, g./ml. 
Density (p,) of Cl’, vapour, g./ml. 


Pi Py 
Parachor, Myt/(p, — py) 


From this value, the parachor equivalent of tervalent chlorine can be calculated. 
Samuel (J. Chem. Phys., 1944, 12, 167) gives the parachor equivalent of fluorine as 25, and 
hence that of tervalent chlorine is 111-5 — 3 x 25 = 36-5. The parachor equivalents 
given by Samuel for ter- and quinque-valent phosphorus, bi- and quadri-valent sulphur, 
and univalent chlorine are listed below together with the present value for tervalent 


chlorine, which is seen to fit reasonably well into the series. (The superscripts denote the 
valency state in covalent linkage.) This value is uncertain by an amount equal to three 
times the uncertainty in the value used for fluorine. Desreux (Bull. Soc. chim. Belg., 
1935, 44, 249) gives a value of 26-1 for the latter, and this would give a value of 33-2 for the 
parachor equivalent of tervalent chlorine. 

A modified form (Fig. 3) of the closed viscometer described by Plank and Hunt (J. 
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Amer. Chem. Soc., 1939, 61, 3590) was calibrated with distilled water and used to determine 
the viscosity of chlorine trifluoride. The values found are given below, followed by those 
at the b. p. and at regular intervals of temperature, taken from the graphed results. 
96 oie ek cccaudevas 19-4 260° = 32-65° 336-3" 39-8 48-0° 
7, MP 4 4:38 4:07 3-80 3-65 3-52 3-23 
20-0° 25-0° 30-0° 35-0 40-0 45-0 50-0° 
4:35 4-12 3-90 3:70 3-51 3°33 3-16 


EXPERIMENTAL 

The method of mounting the capillaries for the surface-tension measurements is shown in 
Fig. 1, and the surface-tension apparatus is shown attached to the micrometer and knife edge 
assembly in Fig. 2. The capillaries were selected from a large stock of tubing after measurement 
of their internal diameters in two directions at right angles. Those sections of tubing which 
showed 2% or more ellipticity were rejected. The selected capillaries were tested for uniformity 
of bore by measurement of the length of a thread of mercury in different parts of the tube. 
After being fused to the reservoir the capillaries were again checked for uniformity of bore 


Fic. 2. Surface-tension apparatus Fic. 3. Sealed 
and micrometer assembly. viscometer. (} scale.) 


ft Micrometer reading to 
0-5"in Lovo intervals 


Construction 
for sealing 
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Dewar flask 
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| providing a constant 
overflow point 


} 
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Weir to provide a 
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| WJ head over a rang? 
Surface -tension ‘ of Inquid vohines 
apparatus 


_Knife- edge 


and their diameters (2-284 and 0-586 mm.) were calculated from the length and weight of the 
mercury thread. 

Before use, the apparatus was cleaned with chromic-sulphuric acid and then steamed for 2 
hours. It was dried by heating it iz vacuo. The surface-tension apparatus was attached to the 
micrometer assembly by means of two collars as shown in Fig. 2. The assembly fitted into the 
top of a Dewar flask having a clear strip for observation. A hand-operated stirrer, a mercury- 
in-glass thermometer (calibrated against an N.P.L. standard) and a small, low-voltage electric 
heater element were also inserted (not shown in Fig. 2). As a safety measure, carbon tetra- 
chloride was used as the bath liquid. After the whole apparatus had been tilted gently to cause 
the liquid in the capillaries to wet the walls above the normal level of the meniscus, each meniscus 
in turn was sighted through a telescope and the knife edge was adjusted by the micrometer 
screw to the level of the lowest point of the meniscus. The two micrometer readings were 
recorded and used to calculate the difference in level of the two menisci. This method of measur- 
ing the difference in levels was used essentially to minimise any errors caused by optical distor- 
tion in the walls of the flask, although the presence of the knife edge also resulted in the image of 
the meniscus in the telescope being more clearly defined. 

As a check on the apparatus and technique, the surface tensions of water and benzene were 
measured before measurements were carried out on chlorine trifluoride. The water was distilled 
from alkaline permanganate and from sulphuric acid before being distilled into the apparatus. 
The benzene was twice recrystallised and dried over sodium. Five determinations were carried 
out in each case and all the results were within 2°% of the accepted values 
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The apparatus and method used to fill chlorine trifluoride into the surface-tension apparatus 
were essentially those used in filling the dilatometers for the density determinations (Fig. 1, 
Banks and Rudge, Joc. cit.). The surface-tension apparatus was baked out im vacuo before use, 
and after being filled was sealed off in vacuo. Surface tension values were calculated by use of 
the method and correction tables given by Sugden (/., 1921, 119, 1483). 

The viscometer used is shown in Fig. 3 and varies only in details of construction from that 
described by Plank and Hunt (loc. cit.). It was cleaned with chromic-sulphuric acid and was 
washed with distilled water before being calibrated with distilled water. From the equation 
1) = prrtt/8vl — ve/8xtl, where p = mean hydrostatic pressure, ry = radius of the capillary, 
¢ — time in seconds, v = volume of liquid flowing, / = length of capillary, p = density of liquid, 
and 7 = viscosity, the equation at? — b = fty/o, where a and b are constants of the viscometer, 
can be derived; ¢ was measured at three different temperatures for water and from two of the 
values obtained the constants a and 6 were calculated. The calculations were checked by using 
these constants to calculate the viscosity of water from the third value of ¢. 

The viscometer was filled with chlorine trifluoride by the method used in filling the surface- 
tension apparatus. For safety, these measurements were carried out in an aluminium-block 
thermostat, in the cavity of which the viscometer was a sliding fit. The viscometer was sup- 
ported at both ends on steel wool and was held in place by an aluminium plug screwed into 
the open end of the cavity. Two holes drilled through the block, and corresponding holes 
through the fire brick supporting the heater elements and through the casing of the 
thermostat, enabled the two etched graduation marks on the viscometer to be observed. The 
thermostat was mounted on trunnions so that it could be inverted to fill the upper reservoir of 
the viscometer with chlorine trifluoride. Temperatures were measured with a mercury-in- 
glass thermometer (calibrated against an N.P.L. standard) fitted into a pocket in the aluminium 
block. It was realised that the attainment of temperature equilibrium between the block and 
the liquid in the viscometer would be slow, and an estimate of the time required was made before 
carrying out the measurements on chlorine trifluoride. 50 Ml. of water were placed in a boiling- 
tube of similar dimensions to the viscometer and the tube was sealed with a rubber bung carrying 
a thermometer which dipped into the water. This tube was placed in the cold thermostat which 
was then switched on set for a temperature of 50°. It was found that at least 3 hours were 
required before the temperature of the water was within 0-1° of that of the block. During the 
measurements on chlorine trifluoride the viscometer was kept in the thermostat at the 
required temperature for 4 hours before readings were taken. A series of readings were 
taken at each temperature, and the absence of a drift in the observed flow times was an 
indication that temperature equilibrium had been attained. 
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154. Studies of Trifluoroacetic Acid. Part VII.* The Synthesis of 
2-Benzoyl 4: 6-Benzylidene Methyl-«-p-glucopyranoside and its Con- 
version into the Isomeric 3-Benzoate by an Acyl Migration. 


By E. J. Bourne, A. J. HuGGARD, and J. C. TatLow. 
Benzoylation of 4: 6-benzylidene trifluoroacetyl «#-methyl-p-glucoside 
(1) afforded 2-benzoyl 4 : 6-benzylidene 3-trifluoroacetyl z-methyl-p-glucoside 
(II). Ethanolysis or acidic hydrolysis of the latter gave 2-benzoyl (IX), and 
alkaline hydrolysis gave 3-benzoy] 4 : 6-benzylidene «-methyl-p-glucoside (ITT), 
which was formed also when the 2-benzoate (IX) was treated with dilute 
alkali; this is an example of a simple benzoy] migration from C,,, toC,,. The 
structures of these esters were established by toluenesulphonylation and by 
methylation. 
PREVIOUS papers in this series have described investigations on _ trifluoroacetate 
esters, which undergo readily both alcoholysis and hydrolysis without concomitant 
Walden inversion, racemisation, or anhydro-ring formation (Bourne, Tatlow, and Tatlow, 
J., 1950, 1367); these properties make them potentially very valuable as synthetic inter- 
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mediates in the carbohydrate and allied fields. For instance, various groupings may be 
substituted at the free hydroxyl groups of partially trifluoroacetylated polyalcohols and 
the trifluoroacetyl residues then split off under very mild conditions, the fluoroacyl 
fragment being used as a readily removable “ blocking’’ group. This new technique 
was illustrated by Bourne, Stacey, Tatlow, and Tatlow (j., 1951, 826), who prepared 
4: 6-benzylidene trifluoroacetyl «-methyl-p-glucoside (I), acetylated the free hydroxy- 
group, and removed the trifluoroacetyl residue by alcoholysis. By varying the conditions 
of the acetylation, either the 2- or the isomeric 3-acetyl 4 : 6-benzylidene «-methylglucoside 
could be made; it was concluded that the trifluoroacetyl group can migrate readily. 
A similar approach was used by Butler, Lloyd, and Stacey to prepare 2: 4-dimethyl 
L-rhamnose (unpublished results). Not only is this technique useful in general synthesis, 
but also the various partly esterified polyalcohols, which should now be more readily 
accessible, may well provide new information on acyl migrations. 

This paper describes the benzoylation of 4 : 6-benzylidene trifluoroacetyl «-methyl-p- 
glucoside (1). Benzoyl chloride in pyridine gave a syrupy product (A) {later shown to be 
principally (I1)] which resisted purification; however with dilute alkali (approx. 1 mol.), 
this afforded a crystalline benzoyl 4 : 6-benzylidene «-methyl-p-glucoside (III), from which 
4: 6-benzylidene «-methylglucoside was regenerated. Toluenesulphonylation of the 
benzoate (III) yielded the known 3-benzoyl 4 : 6-benzylidene 2-tosyl «-methyl-p-glucoside 
(IV) (Robertson and Griffith, J., 1935, 1193), which with sodium methoxide gave the 
known 4: 6-benzylidene 2: 3-anhydro-a-methyl-p-mannoside (V) (idem, tbid.). More- 
over, methylation of the ester (III) gave 3-benzoyl 4 : 6-benzylidene 2-methyl «-methyl-p 
glucoside (VI), as was proved by its conversion into the known 4 : 6-benzylidene 2-methyl 
a-methyl-p-glucoside (VII) (Bourne, Stacey, Tatlow, and Tatlow, Joc. cit.). Thus, the 
product (III) had its benzoate group located at position 3 of the glucose molecule (cf. later 
reactions in the 2-benzoate series). 

Because of the difficulty in isolating the precursor (A) of the benzoate (III), the latter 
was trifluoroacetylated (Bourne, Tatlow, and Tatlow, Joc. cit.) to give 3-benzoyl 4: 6- 
benzylidene 2-trifluoroacetyl a-methyl-D-glucoside (VIII), which, by ethanolysis or partial 
saponification, regenerated the 3-benzoate (III), complete saponification giving 4: 6- 
benzylidene «-methylglucoside. Further examination of the mixed ester (VIII) revealed 
that in aqueous acetone the trifluoroacetyl residue was removed by autocatalytic acidic 
hydrolysis, the 3-benzoate (III) being formed. The benzylidene group was clearly more 
stable than is usual under acidic conditions, and so the possibility of removing 
preferentially the trifluoroacetyl group of syrup (A) by treatment with dilute acid was 
examined. 

Under these conditions (A) afforded a second benzoyl 4: 6-benzylidene «-methyl- 
glucoside (IX); this ester was formed also by alcoholysis of (A). Upon toluene- 
sulphonylation the new benzoate (IX) gave the known 2-benzoyl 4 : 6-benzylidene 3-tosy] 
a-methyl-p-glucoside (X) and thence 4: 6-benzylidene 2 : 3-anhydro-«-methyl-p-alloside 
(XI) (Robertson and Griffith, loc. cit.) Methylation of the ester (IX) failed to give pure 
material, but hydrolysis of the product and examination by the filter-paper ionophoresis 
technique (Foster, Chem. and Ind., 1952, 828, 1050; Foster and Stacey, J. Appl. Chem., 
in the press) showed clearly the presence of 3-methyl glucose, no 2-methyl glucose being 
detected. The structure of the product (IX) was thus clearly established as 2-benzoy] 
4 : 6-benzylidene a-methyl-D-glucoside. 

Trifluoroacetylation of this benzoate (IX) yielded the corresponding 3-trifluoroacetate 
(II), complete saponification of which gave 4: 6-benzylidene «-methylglucoside, whilst 
ethanolysis regenerated the 2-benzoate (IX). By partial saponification with dilute alkali, 
however, the isomeric 3-benzoate (III) was obtained. Thus it appeared that the principal 
constituent of the syrup (A) was 2-benzoy] 4 : 6-benzylidene 3-trifluoroacetyl «-methyl-p- 
glucoside (II), and indeed a slightly impure crystalline sample of this material was obtained 
in a fresh attempt to purify the syrup. That the crystalline substance was (II) and not 
(VIII) was evident from mixed m. p. determinations, from its specific rotation, and from 
the fact that alcoholysis yielded 2-benzoyl 4 : 6-benzylidene «-methylglucoside (IX). The 
above results could not be explained solely on the basis that syrup (A) was a mixture of 
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the isomers (VIII) and (II), because, from the same sample of (A), acidic hydrolysis gave 
(LX) in 45% yield, and alkaline hydrolysis afforded 67% of (III). It was apparent that 
the benzoyl group had migrated from Cig) to Cy) during the alkaline hydrolysis of (A), 
and this was confirmed when it was shown that 2-benzoyl 4: 6-benzylidene «-methyl- 
glucoside (IX) was transformed readily into the 3-benzoate (III) by treatment in acetone 
with dilute aqueous sodium hydroxide, though it was unchanged in acidic or neutral 
media, in dry or wet pyridine, or by dry silver oxide in boiling ether. 

Wanderings of acyl groups in esterified polyhydroxy-compounds often occur, as was 
noticed by Fischer (Ber., 1920, 53, 1621), and many examples of this effect are now known. 
Migrations during methylations with the Purdie reagents are quite common (e.g., Haworth, 
Hirst, and Teece, J., 1930, 1405; 1931, 2858), but only a few cases have been reported so 
far of the direct conversion of a simple acylated sugar into an isomer which was itself 
isolated (cf. Josephson, Svensk Kem. Tidskr., 1929, 41, 99; Ber., 1930, 68, 3089; Ohle, 
Ber., 1924, 57, 403; Helferich and Klein, Annalen, 1926, 450, 219; 1927, 455, 173; 


(VIII; R = Bz, R’ = CF,-CO) <=> (II; R = Bz, R’ = H) —> (VI; K = Bz, R’ = OMe) 


A 
Y 
(VII; R = H, R’ = OMe) 


(IV; R = Bz, R’ = Ts) <— (I; R=CF,CO, R’ =H) 
Ph:CH—O 


CF,-CO, R’ = Bz) 


Ho / oy 
Ph:CH—O OMe (x; R= Ts, R’ = Bz) es 


ye 
(V) (Ts = p-C,H,Me-SO,:.) (XI) 

Helferich, Bredereck, and Schneidmiiller, zbid., 1927, 458, 111; Helferich and Miiller, 
Ber., 1930, 63, 2142). The transformation, herein reported, of 2-benzoyl 4 : 6-benzylidene 
a-methylglucoside into the 3-benzoate is an example of a direct acyl migration to an 
adjacent, apparently more stable, position. The benzoyl residue in this reaction follows 
the usual behaviour of migrating acyl groups in glucose derivatives; such changes are 
mostly catalysed by alkali (Hirst and Peat, Ann. Reports, 1934, 31, 172) and the migration 
is normally away from the potential reducing group (Brown, Hough, and Jones, /., 1950, 
1125). 

Mechanisms advanced to explain acyl migration have usually invoked acid ortho- 
esters as intermediates (see Fischer, loc. cit.; Helferich et al., locc. cit.; and the review by 
Pacsu, Adv. Carbohydrate Chem., 1945, 1, 77). Recently, Doerschuk (J. Amer. Chem. Soc., 
1952, 74, 4202) showed by using radioactive tracers that an acyl migration from Cy) to 
Cy in glycerol monopalmitate was an intramolecular process; an ortho-ester seems the 
likeliest transition state. We have made infra-red measurements (in collaboration with 
R. R. Randle) on 2-benzoyl, 3-benzoyl, and 2 : 3-dibenzoyl 4 : 6-benzylidene «-methyl-p- 
glucoside and found that all three gave bands at the characteristic carbonyl stretching 
frequency, affording strong evidence that they possessed orthodox acyl groups and that 
neither monobenzoate was itself a cyclic ortho-ester. The work of Reeves however (tbid., 
1949, 71, 215; Adv. Carbohydrate Chem., 1951, 6, 107) has shown that, although the 
hydroxyl groups on C;, and Cg) in glucose derivatives are ‘rans, owing to the conformation 
of the pyranose ring the C-O bonds are not usually directed at 180° to each other but at a 
smaller angle, thus enabling cuprammonium complexes to be formed. Hence, though the 
two monobenzoates (IX) and (III) may not exist normally as ortho-esters, the formation 

3 © 


Bourne, Huggard, and Tatlow : 


of such a transitory intermediate from the 2-benzoate (IX), by addition of the hydroxyl 
group of Cy) across the benzoate carbonyl function, would appear to be possible; ring 
scission to give the more stable 3-benzoate (III) could then occur. 

The above reactions support the earlier suggestion (Bourne, Stacey, Tatlow, and 
Tatlow, Joc. cit.) that the monotrifluoroacetate, m. p. 210°, is the 3-isomer (I). However, 
the trifluoroacetyl group does not appear to migrate during benzoylations as it does during 
acetylations in pyridine, despite the fact that the 3-benzoate (III) is more stable than its 
isomer (IX). Benzoylation of the trifluoroacetate (I) with benzoic acid-trifluoroacetic 
anhydride (Bourne, Stacey, Tatlow, and Tedder, J., 1949, 2976), in trifluoroacetic acid as 
solvent, gave a product which was the same as that obtained from the pyridine reaction, 
but in poorer yield; separation from residual benzoic acid was difficult. It seems 
reasonable that the fluoroacyl group should not migrate during benzoylation in pyridine, 
since, although the 3-benzoate is the more stable isomer, Robertson and Griffith (loc. cit.) 
treated 4: 6-benzylidene «-methylglucoside in pyridine with benzoyl chloride (1} mol.) 
and obtained an inseparable mixture of benzoates, from which a little 2-benzoyl 3-tosy] 
compound (X) could be made; if the benzoyl group will not substitute preferentially on 
( (4) under these conditions it is hardly likely to cause even the mobile trifluoroacetyl group 
tomove. It is noteworthy that, of the carboxyl monoesters of 4 : 6-benzylidene «-methy]- 
glucoside, the 3-benzoate, 3-acetate, and 3-trifluoroacetate are apparently the more stable 
isomers, though the 2-tosyl ester is formed preferentially (¢dem, ibtd.; Bolliger and Prins, 
Helv. Chim. Acta, 1945, 28, 465). 

EXPERIMENTAL 

Unless otherwise stated, all operations involving trifluoroacetates were conducted with dry 
reagents under anhydrous conditions. Values of [«] refer to chloroform solutions. 

4: 6-Benzylidene Trifluoroacetyl a-Methyl-p-glucoside.—Prepared as described previously 
(Bourne, Stacey, Tatlow, and Tatlow, Joc. cit.) this compound had m. p. 210°, [«}}) +-117-0° 
(c, 1-42). 

3-Benzoyl 4: 6-Benzylidene a-Methyl-p-glucoside from 4: 6-Benzylidene Trifluoroacetyl 
a-Methylglucoside.—Freshly distilled benzoyl chloride (2-3 c.c.) was added to 4: 6-benzylidene 
trifluoroacetyl «-methylglucoside (6-24 g.) in pyridine (25 c.c.). After 95 hours at room 
temperature, the product was distilled under diminished pressure with several portions of 
carbon tetrachloride, the residue was extracted with warm ether (3 x 50 c.c.), and the filtered 
extracts were concentrated in vacuo. To the syrupy residue in acetone (170 c.c.), 0:-1N-sodium 
hydroxide was added rapidly until the solution was just alkaline to phenolphthalein (180 c.« 
of alkali required). After 1 hour the precipitate was filtered off, and acetone was distilled from 
the filtrate under diminished pressure, yielding more solid. The combined precipitates were 
washed, dried, and recrystallised from ethyl alcohol-light petroleum (b. p. 60—80°), to give 
3-benzoyl 4: 6-benzylidene x-methyl-p-glucoside (4:10 g.), m. p. 217—218°, {x}? +.33-5° (c, 2-55) 
(Found: C, 65-5; H, 5-9; OMe, 8-0; Ph°CO, 27:2. C,,H,.O, requires C, 65:3; H, 5:7; OMe, 
8-0; Ph°CO, 27-2%). 

To determine the benzoyl content the ester (ca. 1 g.) was kept for about 4 hours in ethyl- 
alcoholic sodium ethoxide (10 c.c.; 0:825Nn), water (2 c.c.) was added, and after 12 hours further 
the solution was back-titrated against hydrochloric acid (1-5N). Alcohol was distilled in vacuo 
from the titration liquors and the resulting precipitate recrystallised from water, affording 
1 : 6-benzylidene «-methylglucoside (679%), m. p. and mixed m. p. 165—-166° (Found: C, 59-6; 
H, 6-4. Calc. for C,4H,,0,: C, 59°55; H, 6-4%). 

3-Benzoyl 4: 6-Benzylidene 2-Tosyvl a-Methyl-p-glucoside.—3-Benzoyl 4: 6-benzylidene 
x-methylglucoside (1-22 g.) in pyridine (4-5 c.c.) was treated with toluene-p-sulphonyl] chloride 
(0-96 g.) for 14 days at room temperature and the product isolated in the usual way. 
Recrystallisation from ethyl alcohol afforded the 2-tosyl derivative (1-50 g.), m. p. 212—214°, 

a]p +49-3° (c, 3-70) (Found: C, 62-2; H, 5-2; S, 6-2; OMe, 5-7. Calc. for C,,H,,0,S: C, 
62-2; H, 5-2; S, 5-9; OMe, 5-7%). Robertson and Griffith (Joc. cit.) gave m. p. 212—213°, 
ax}i5 + 51-6° (c, 2-88). 
This diester, treated with sodium methoxide, gave 4: 6-benzylidene 2: 3-anhydro-z- 
methyl-p-mannoside (65°,), m. p. and mixed m. p. 145—146°, [)!8 +. 103-2° (c, 1-90) (Found : 
C, 63-5; H, 5-9; OMe, 12-0. Calc. for C,,H,,0,: C, 63-6; H, 6-1; OMe, 11:7°%). Robertson 
and Griffith (loc. e7t.) cited m. p. 146—147°, [a}!5 +-107° (c, 1-61) 

3-Benzoyl 4: 6-Benzylidene 2-Methyl a-Methyl-v-glucoside.—Silver oxide (2-9 g.) was added 
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to 3-benzoyl 4: 6-benzylidene «-methylglucoside (1-095 g.) in methyl iodide (30 c.c.), and the 
mixture was refluxed for 18 hours. The solvent was distilled, the residue was extracted with 
boiling chloroform, the filtered extracts were evaporated, and the residue was remethylated as 
before. Isolation as above gave, after recrystallisation from ethyl er $- eg 4: 6- 
benzylidene 2-methyl «-methyl-p-glucoside (0- ie m. p. 167—168°, [x]? +29-2° (c, 3-76) (Found : 
C, 65:7; H, 5:8; OMe, 15:2; Ph°CO, 26-4. C,,H,,O, requires c 66- 0: H, 6-0: OMe, 15-5; 
Ph:CO, 26-25%). 

From the titeatian liquors of the benzoyl determination (see above) there was isolated 
$: 6-benzylidene 2-methyl «-methylglucoside (739%), recrystallised from ethyl alcohol—light 
petroleum (b. p. 60—80°), m. p. and mixed m. p. 167—168° (depressed in admixture with the 
starting material), [x] + 74:5° (c, 1-18) ge C, 60-5; H, 6-7; OMe, 20-5. Calc. for 
C,,H,,O,: C, 60- e; H, 6-8; OMe, 20-95%). Bourne, Stacey, Tatlow, and Tatlow (loc. cit.) 
gave m. p. 168°, [a]? +-78-9° (c, 1-19 in EtOH). 

3-Benzoyl 4: 6-Benzylidene 2-Trifluoroacetyl a-Methyl-p-glucoside.—(a) Preparation. 3- 
Benzoyl 4: 6-benzylidene «-methylglucoside (1-28 g.) was heated at 50° for 10 minutes with 
trifluoroacetic anhydride (16-0 c.c.) and sodium trifluoroacetate (0-28 g.); the mixture was 
distilled under diminished pressure with several portions of carbon tetrachloride, and the 
residue was extracted with boiling light petroleum (100 c.c. in all; b. p. 60—80°). The filtered 
extracts, when cool, deposited a solid which, after three recrystallisations from light petroleum 
(b. p. 40—60°), gave 3-benzovl 4: 6-benzylidene 2-trifluoroacetvl a-methyl-p-glucoside (0-795 g.), 
n. p. 130—132°, [a«]}? + 25-9° (c, 1-30) (Found: C, 57-3; H, 4:3; F, 11-8. C,3H,,O,F; requires 
C, 57-3; H, 4:4; F, 118%). 

(b) Complete saponification. The diester was hydrolysed by the process suggested by 
Bourne, Tatlow, and Tatlow (loc. cit.) for trifluoroacetyl determinations, excess of alkali being 
used (Found: N-alkali uptake 4-14 c.c./g. C,,H,,O,F; requires N-alkali uptake 4-15 c.c./g.). 
The titration liquors afforded 4: 6-benzylidene «-methylglucoside, m. p. and mixed m. p. 
163—164°. 

(c) Partial saponification. When the diester (0-152 g.) in acetone (7 c.c.) was made just 
alkaline to phenolphthalein by the rapid addition of 0-0444N-sodium hydroxide (7-35 c.c.), a 
colourless solid was deposited, which, after recrystallisation from ethyl alcohol—light petroleum 
(b. p. 60-—80°), gave 3-benzoyl] 4 : 6-benzylidene «-methylglucoside (0-092 g.), m. p. and mixed 
m. p. 215—217 2 ieee C, 65-4; H, 5:8%). 

(d) Ethanolysis. A solution of the diester (0-193 g.) in dry ethyl alcohol (10 c.c.) was kept 
for 24 hours at 15°. The deposited solid was 3-benzoyl 4: 6- po tps a-methylglucoside 
(0-124 g.), m. p. and mixed m. p. 216—217° (Found: C, 65-2; H, 5-9%). 

(e) Acidic hydrolysis. To the ester (0-207 g.) in acetone (4. 0 c.c.), water (3-0 c.c.) was 
added dropwise, the solution rapidly becoming acid. After 30 minutes, water (4-0 c.c.) was 
added and the precipitate of 3-benzoyl 4 : 6-benzylidene ~-methylglucoside filtered off, washed, 
and dried (yield 55%; m. p. and mixed m. p. 216—217°) 

2-Benzoyl 4:6-Benzylidene a-Methyl-p-glucoside from 4: 6-Benzylidene Trifluoroacetyl 
a-Methyiglucoside.—The trifluoroacetate (1-50 g.), pyridine (6-5 c.c.), and freshly distilled 
benzoyl chloride (0-52 c.c.) were kept at 15° for 75 hours. The solution was then poured slowly 
into ice-water (200 c.c.) which was mechanically stirred and kept slightly acid by the 
simultaneous addition of 2N-hydrochloric acid. The precipitate was filtered off, washed, dried, 
and recrystallised from light petroleum (b. p. 60—-80°) containing a little ethyl alcohol, to give 
2-benzovi 4: 6-benzylidene u-methyl-p-glucoside (0-615 g.), m. p. 165—166°, [ x}?! +109-5° (c, 2-09) 
(Found: C, 65-6; H, 6-0; OMe, 8-4; PheCO, 27-3. C,,H,.O, requires C; 65: 3: H, 5:7; OMe, 
8-0; Ph*CO, 27-29%). The m. p. was depressed on admixture with the 3-benzoyl isomer. 

From the titration liquors of the acyl determination a Tatlow, and Tatlow, loc. cit.) 
there was isolated 4 : 6-benzylidene « -methylgluc oside (42%), m. p. and mixed m. p. 161—162”. 

2-Benzoyl 4: 6-Benzvlidene 3-Tosyl a-Methyl-p-glucos ide The 2-benzoate (0-100 g.), 
pyridine (0-50 c.c.) and toluene-p-sulphonyl chloride (0-088 g.), after 90 hours at 15° and 
isolation as usual, afforded 2-benzoyl 4: 6-benzylide ne 3-tosyl «-methylglucoside (0-107 g.), 
m. p. 188—189° (recrystallised from ethyl alcohol), {x Ob + 88-5° (c, 1-60) (Found: C, 62-5; H, 
5-2; S, 61. Calc. for C,,H,,0,5: C, 62-2; H, 5-2; S, 5-994). Robertson and Griffith (loc. 


ve 
cit.) gave m. p. 184—-186°, [a], -+-83-8° (c, 4-24). ‘The m. p. was depressed in admixture with 


the 3-benzoyl 2-tosyl isomer. 
By the usual method, the 3-tosyl 2-benzoate was converted into 4: 6-benzylidene 2: 3- 
anhydro-x-methyl-p-alloside (71%), m. p. and mixed m. p. 199-—200°, [a|}) +. 144-5" (c, 0-82), 


for which Robertson and Griffith gave m. p. 199—-200°, [x)j? +-140-4° (c, 2-21). 
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Conversion of 2-Benzoyl 4: 6-Benzylidene a-Methyl-p-glucoside into the Isomeric 3-Benzoale. 
To the 2-benzoate (0-086 g.) in acetone (5-0 c.c.), 0-044N-sodium hydroxide (5-1 c.c.) was added. 
A precipitate formed immediately, and after addition of water (4-0 c.c.) it was filtered off, 
washed, and dried; it was 3-benzoyl 4: 6-benzylidene «-methylglucoside (0-056 g.), m. p. and 
mixed m. p. 217—-218°, [a]}* +-33-4° (c, 0-78) (Found: C, 65-5; H, 5-7%). 

The 2-benzoate was recovered unchanged after 24 hours at 15° in dry or aqueous pyridine, 
and after 48 hours with dry silver oxide in refluxing ether. 

2-Benzoyl 4: 6-Benzylidene 3-Trifluoroacetyl a-Methyl-p-glucoside.(a) Preparation. 2- 
Benzoyl 4: 6-benzylidene «-methylglucoside (0-497 g.), trifluoroacetic anhydride (8-0 c.c.), 
and sodium trifluoroacetate (0-16 g.) were refluxed for 15 minutes, and the mixture was then 
distilled in vacuo with several portions of carbon tetrachloride. The residual syrup was 
extracted with boiling light petroleum (b. p. 60—80°), the filtered extracts were concentrated, 
and the syrup crystallised from light petroleum (b. p. 60—80°) to give 2-benzoyl 4 : 6-benzylidene 
3-trifluoroacetyl a-methyl-p-glucoside (0-371 g.), m. p. 135—138°, [a] -+ 123-5° (c, 0-68) (Found : 
C, 57-1; H, 4:4; F, 12:3. C,.3H,,O,F, requires C, 57-3; H, 4-4; F, 11-8%). In admixture 
with the 3-benzoy] 2-trifluoroacetyl isomer the m. p. was 105—110°. 

(b) Complete saponification. ‘This was carried out as for the other isomer (Found : N-alkali 
uptake, 4°31 c.c./g. C,y3H,,O,F3; requires N-alkali uptake, 4-15 c.c./g.), the titration liquors 
yielding 4 : 6-benzylidene «-methylglucoside, m. p. and mixed m. p. 161—162”. 

(c) Partial saponification. The mixed ester (0-102 g.) in acetone (4-0 c.c.) was treated with 
0:048N-sodium hydroxide until the solution was just alkaline to phenolphthalein (4-71 c.c. 
required). Water (10 c.c.) was added, and the resulting solid was reprecipitated from acetone 
(1-5 c.c.) by 0-048N-sodium hydroxide (3-0 c.c.). After being washed and dried the product, 
3-benzoy! 4 : 6-benzylidene «-methylglucoside (0-067 g.), had m. p. and mixed m. p. 217—218° 
(Found : C, 65-7; H, 6:9%). 

(d) Ethanolysis. The 2-benzoate 3-trifluoroacetate (0-091 g.) was kept in dry ethyl alcohol 
(6-0 c.c.) at 15° for 22 hours; the rotation had then fallen to a constant value. The solution 
was evaporated, and the residue crystallised from light petroleum (b. p. 60—80°) containing a 
little ethyl alcohol, to give 2-benzoyl] 4 : 6-benzylidene «-methylglucoside (0-056 g.), m. p. and 
mixed m. p. 165—166°. 

Isolation of 2- and 3-Benzoyl 4: 6-Benzylidene «-Methyl-p-glucoside from the Same Benzoyl- 
ation Experiment.—A mixture of trifluoroacetyl 4: 6-benzylidene «-methylglucoside (1-20 g.), 
pyridine (5-0 c.c.), and benzoyl] chloride (0-40 c.c.) was kept for 48 hours at 15°, then poured into 
dilute hydrochloric acid, and the precipitate collected, washed, and dried. One portion was 
recrystallised from light petroleum to give the 2-benzoate (45%), m. p. and mixed m. p. 164 
165°, and a second portion, after treatment in acetone with dilute alkali as before, afforded the 
3-benzoate (67°), m. p. and mixed m. p. 216°. 

Attempted Methylation of 2-Benzoyl 4: 6-Benzylidene «-Methyl-p-glucoside.—This compound, 
methylated as described previously, gave only an impure amorphous material, which after 
treatment with sodium ethoxide in ethyl] alcohol gave a second product, which could not be 
purified. Accordingly, this material was hydrolysed by treatment at 60° with dilute hydro- 
chloric acid—acetone, the solution was evaporated and the residual syrup, after distillation 
in vacuo with several portions of water, was dissolved in water and subjected to filter-paper 
ionophoresis as described by Foster and Stacey (/occ. cit.); a 0-2m-borate buffer (pH 10) and a 
potential difference of 900 v (final current 35—40 milliamp.) for 3 hours were employed, 
reference compounds being run simultaneously. An aniline hydrogen phthalate spray revealed 
that the main constituent was 3-methyl glucose (Mg, value 0-80), traces of glucose being present 
also; no 2-methyl glucose (M/, value 0-23) was detected. 

Attempted Isolation of 2-Benzoyl 4 : 6-Benzylidene 3-Trifluovoacetyl a-Methyl-p-glucoside from 
the Benzoylation Process.—4 : 6-Benzylidene trifluoroacetyl «-methylglucoside, benzoylated as 
before (p. 738), gave a syrup which crystallised after nucleation with the authentic 2-benzoate 
3-trifluoroacetate. Recrystallisation from light petroleum (b. p. 60—80°) gave, first, a little 
unchanged starting material, and then a fluorine-containing product, m. p. 120—125°, depressed 
in admixture with the 3-benzoate 2-trifluoroacetate but not with the 2-benzoate 3-trifluoro- 
acetate, [a]}? -+-114-0° (c, 2-02): after 20 hours at 15° in methyl] alcohol it gave 2-benzoyl 4 : 6- 
benzylidene «-methylglucoside (60°,), m. p. and mixed m. p. 164—165°. 

Infra-red Investigation of the Benzoates of 4:6-Benzylidene a-Methyl-p-glucoside (with 
R. R. RANbDLE).—-Using a Grubb-Parsons spectrometer with a rock-salt prism and the Nujol 
mull technique, the following carbonyl stretching frequencies (cm.-!) were recorded: (a) 2- 
benzoyl 4: 6-benzylidene «-methylglucoside 1732, (b) the isomeric 3-benzoate 1726, 
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(c) 2: 3-dibenzoyl 4: 6-benzylidene «-methylglucoside (m. p. 151—152°; Ohle and Spencker, 
Ber., 1928, 61, 2387) 1732. Strong evidence is thus afforded for the presence of orthodox 
benzoate ester groups in all three products, since these frequencies accord well with those of 
other benzoates [e.g., Hartwell, Richards, and Thompson (J., 1948, 1436) gave 1727 cm. for 
liquid methyl benzoate}; if either monobenzoate possessed an ortho-ester structure the 
characteristic carbonyl frequency would be absent. 
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155. Oxidation of Ethane, and Cool Flames. 
By J. A. Gray. 


This study has resulted in the formulation of a mechanism for the 
combustion of ethane which provides an explanation for the intimate 
connection between oxidation and cracking. 

The behaviour of rich ethane-oxygen mixtures has been examined at 
temperatures above 400°, in a flow system, at atmospheric pressure. 
Reaction vessels of different sizes and surfaces have been used over a wide 
range of experimental conditions, including a narrow region—very sensitive 
to temperature and flow rate—within which the phenomenon of periodic 
cool flames (not previously reported for ethane) has been observed and 
investigated. 

The gaseous product is rich in ethylene, and at the temperatures used the 
possibility of a process competing with peroxide and aldehyde formation has 
been indicated. It is the reaction (a2) C,H; + O, = C,H, + HO, leading to 
an autocatalytic build-up of HO, to a critical concentration. A fast 
reaction (b) C,H; + HO, = C,H, + H,O, can then become significant and 
lead to a rapid increase in [C,H;] by H,O, = 20H and C,H, + OH = 
C,H; + H,O; (a) and (6) are competing reactions to which the symbolic 
equations of Frank and Kamenetzki can be applied to fit a reduced form of 
the proposed mechanism, giving a periodic dependence on time of [HO,] 
and [C,H,] to explain the cool flame periodicity. 


Ir is difficult, from previous work, to formulate a reaction mechanism for the oxidation of 
ethane. Oxidation of hydrocarbons has been reviewed recently by Lewis and von Elbe 
(‘‘ Combustion, Flames, and Explosions of Gases,’’ Academic Press Inc., New York, 1951), 
Bolland (Quart. Reviews, 1949, 3, 1), and Bawn (Ann. Reports, 1950, 47, 39). Attention 
has usually been focused on the temperature region (<450°) where the reaction is 
sufficiently slow to enable rates of pressure change to be measured in a static system. In 
only one case (Steacie and Plewes, Proc. Roy. Soc., 1934, A, 146, 583) in such a system was 
ethylene found in the product : this was with a lean (oxygen-rich) mixture at 452° and at 
an initial pressure well below 1 atm. Present theories of ethane combustion are based 
principally on the results obtained in this region. The most frequently proposed reaction 
scheme (Mulcahy, Discuss. Faraday Soc., 1951, 10, 259) involves intermediate alkyl 
hydroperoxide and has been verified at low temperatures in the photosensitised oxidation 


of ethane (Gray, J., 1952, 3150): R ath RO, ap RO-OH -+- R, is followed by -O-O- 
bond fission and subsequent decomposition of the alkoxy-radical to formaldehyde and a 
smaller alkyl radical. In second-stage ignition, unbranched chains are said to be operative 
(Walsh, Trans. Faraday Soc., 1947, 48, 297) by R*CH,-O-O- —> OH + R-CHO, the 
aldehyde so formed being capable of further decomposition to RH + CO. 
Lewis and von Elbe, however, consider the bulk of the reaction products to be formed 
by chains of the type : 
. CH:0:0: —-> R-CHO + R’CH,°O -—> R’ +- CH,O 
RCH, 
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They consider feasible suggestions for the ethylene-forming reactions; one of them, viz., 
C,H, -+ O, == C,H, -+- HO, is now advanced as an essential part of the reaction scheme. 
They further visualise the main reaction chain in the oxidation of ethylene as follows : 


0, C,H 
CH,:CH: —> CH,:CH-0-0- ——> CH,!CH-0-OH —> 2CH,0 


formaldehyde in turn being oxidised. In the oxidation of propane, which was the lowest 
member of the hydrocarbon series in which cool flames had been observed, they attributed 
the production of olefins and methane to decomposition of the propyl radical : 
sy C,H, +H 
C,H; 
“\ C,H, + CH; 

There are several recent references to the partial oxidation of ethane (Deanesly and 
Watkins, Chem. Eng. Progr., 1951, 47, 134; C.1.0.S. Reports XXVIT, 85, item 22; XXXII, 
107, item 30; Kooijman, Rec. Trav. chim., 1947, 66, 5, 205, 491) but no mention has been 
made of the occurrence of cool flames. Some evidence for the possibility of their existence 
is provided by Townend and Chamberlain (Proc. Roy. Soc., 1936, A, 154, 95) from explosion- 
limit curves at pressures greater than atmospheric. At sub-atmospheric pressures similar 
evidence was obtained by Piazza, Gerstein, and Weast (Ind. Eng. Chem., 1951, 48, 2721) 
who upheld the cool-flame hypothesis, but this was not entirely accepted by Delbourgo 
and Laffitte (Compt. rend., 1951, 233, 958, 1612). 

For methane, neither by direct experiment nor by the study of inflammability limits 
has there been found any evidence for the existence of cool flames. 


EXPERIMENTAL 

Cylinder ethane and oxygen (99-8%) (obtained from the British Oxygen Company) were 
used, except in experiments with purified ethane. The ethane contained: C,H,, 94:0; C,Hy, 
3-9; O,, 0-5; H,, 0-4; CO, 1-294; COg,, nil). The reactants were mixed in a wide-bore tube 
before entering the reaction vessel at approximately atmospheric pressure, and control was 
effected by needle-valves and calibrated flowmeters in lines kept at constant pressure by water 
lutes. The reaction vessel was mounted in a tubular electric furnace, and its temperature was 
measured by thermocouples strapped to the outside wall. Gas temperatures were measured by 
a thermocouple in a thin glass pocket which projected into the vessel. 

The furnace was kept at a constant given temperature by means of a platinum-resistance 
thermometer in a bridge circuit, but owing to the sudden onset of exothermic reaction at a 
critical temperature, independent control of the gas temperature could not be achieved. Total 
gas-flow rates of 1—25 c.c./sec. were obtainable with tubular reaction vessels of 6, 100, 245, and 
363 c.c. of quartz or Pyrex of internal diameters respectively 8, 34, 40, and 47 mm. The 
composition of the reacting mixture was usually between 55 and 90% of ethane at temperatures 
from 450° to 800°. 

After reaction, the condensable fraction was collected in a cooled receiver at 0° and a sample 
of the exit gas was drawn off through a side tube, without disturbing the flow-rate, and stored 
over mercury under slight pressure. The gas was analysed by Gooderham’s method (J. Soc. 
Chem. Ind., 1938, 57, 388). 

In one set of experiments continuous measurement of the infra-red absorption of the exit 
gases was made on a Grubb-Parsons single-beam instrument, in order to follow the change of 
ethylene concentration in the exit gas with change of experimental conditions. 

The condensable fraction has been examined by a variety of chemical and physical methods ; 
the most useful one for quick determinations was that of polarography, the sample being diluted 
with n/10-lithium chloride and examined on a ‘‘ Cambridge ” polarograph. 

In order to study the effect of surface on the reaction, the following were used: ‘‘ clean ’ 
surfaces, which had been treated with chromic or nitric acid and copious washing with distilled 
water; potassium chloride surfaces, prepared by rinsing out a clean reaction vessel with 
concentrated potassium chloride solution, allowing it to drain, and drying it in a current of 
warm air; surfaces coated with boric acid by rinsing with a 10°% solution of boric acid in ethanol, 
then draining and drying; and surfaces which had been cleaned with 5°, hydrogen fluoride 
and washed with distilled water. 

The 245-c.c. reaction vessel had a plane end and was used for detection of the light emission 
from the cool flames. The exit was then at the side near the plane end, which could be 


“a 
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“ viewed,” after the manner of Ouellet and Ouellet (Canadian J. Chem., 1951, 29, 76), by a 
photomultiplier tube, type RCA. 931/A. This was mounted on a cool extension outside the 
furnace, with its output applied to an oscilloscope, from which a photographic record of the 
light intensity as a function of time could be obtained. 

Observation of Cool Flames in Ethane.—All temperatures quoted are those of the outside wall 
of the reaction vessel (in °c). The temperature recorded by the thermocouple in the glass 
sheath in the reaction gas was about 30—50° higher than this when reaction was taking place, 
and 10° lower when it was not. 

Fic. 2. Composition—flow-rate limits of 

bic. 1. Cool flame limits for 70/30 C,H,/O, in observed pressure pulses at 505 

100-c.c. quartz vessel. 238-c.c. quartz vessel. 
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Cool flames were observed in flow systems with reaction vessels not less than 3 cm. in 
diameter and at relatively fast flow-rates. There was a critical temperature, T,, below which 
there was little or no evidence of reaction other than the odour of formaldehyde. At T, 
vigorous, spontaneous, cool-flame pressure pulses were observed with a long time interval +t 
between them. On increase of reaction-vessel temperature the pulses became progressively 
weaker and more rapid until they could no longer be detected. Increasing the flow-rate had 

Fis. 3. Dependence of r—the interval 


between cool flames—on temperature : 
238-c.c. quartz vessel. 


) of ime Ts \ sé ° 
Co re hehe l'1G. 4. Relation between t and the 
a= 65% Cate amplitude of the pressure pulse : 
o = 75% C2He 238-c.c. quartz vessel. 
t-Time interval 
between pulses i“ 


75% Ethane 


0 i il i : 
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the effect of increasing T,. A decrease in flow rate narrowed the temperature range over which 
cool flames were observed, until they were no longer detected (Fig. 1). 

The effect of the change of mixture composition at a given temperature is shown in Fig. 2, 
which indicates that a 75/25 ethane/oxygen mixture gave the widest range of flow-rates over 
which periodic pressure pulses could be obtained. Figs. 3 and 4 show respectively the relation- 
ship between + and reaction temperature, and + and the amplitude of the pressure pulse. The 
flames were blue (but could be seen only in the dark) and travelled slowly from the exit to the 
inlet. Results obtained with the photomultiplier showed that the light intensity during each 
pulse passed through up to five maxima, the number of which decreased with increasing 
temperature and weakening of the pressure pulses. This is demonstrated in the oscillograms 
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(all at the same sensitivity) of Fig. 5, which also shows that at the higher temperatures, when 
pressure pulses were no longer observed, there was a steady background glow. A much weaker 
glow was detected at temperatures a few degrees below T, before the cool flames commenced ; 
the intensity of this glow increased with increasing oxygen concentration. Fig. 6 shows the 
type of reproducibility obtainable under steady conditions of periodic cool flames. Small 


amounts (up to 7%) of hydrogen or nitrogen had no marked effect but the cool flames were 


lic. 5. Light emission from cool flames 
in a 75/25 C,H,/O, mixture; flow 
vate, 17-2 ¢.c./sec., 245-c.c. reaction 


vessel. 
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inhibited in mixtures of compositions C,H, 45, O, 15, H, 40% ; C,H, 58, O, 25, N, 17° 
shows the repressive effect of a smaller amount of nitrogen on the first one or two peaks. 
Maximum light intensity was obtained with 50/50 ethane/oxygen mixtures, but results were 
not obtained for leaner mixtures, for at the temperatures used the cool flames gave rise to 
“blue ” flames which struck back, giving explosive ignition in the cold feed. 

In order to determine whether the cool flames were initiated at a “ hot-spot” or 
were dependent on the bulk temperature of the gas, 60/40 and 70/30 ethane/oxygen mixtures 


Fic. 6. Light emission from cool flames in a 75/25 
ethane joxygen mixture ; flow rate, 20 c.c./sec. ; 


245-c.c. reactton vessel. 
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were passed through a 3-cm. diameter tube over a range of flow-rates. The tube was mounted 


horizontally and was heated by a cylindrical furnace for 20 cm. of its length, and just beyond 
the furnace the gases passed over an electrically heated platinum spiral. Cool flames could not 
be induced with a red-hot spiral alone, and pulses were not observed until the furnace temper- 


ature had reached that expected for the production of normal cool flames. 
cool flames could be induced in the normal 


which decreased with increasing 
\fter the reaction vessel 


In the temperature region immediately below T,, 
apparatus by stopping the exit. After an induction period f¢ 
temperature—a single cool flame travelled the length of the tube 
had been flushed out with fresh feed gas a further pulse could be induced in the same manner. 
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When ¢ was plotted against temperature, extrapolation of the curve to ¢ = 0 gave a temperature 
very close to 7. Thus, spontaneous cool flames in the flow system only occurred at temper- 
atures for which the induction period in a static system was very short compared with the interval 
between the spontaneous pulses. 

At low flow rates, or with a small-diameter reaction vessel, no spontaneous or induced cool 
flames could be detected; but there was a temperature at which rapid reaction set in. For 
convenience this temperature has also been referred to as 7,. All the experiments quoted 
above were with ethane from a cylinder, but ethane from which ethylene had been removed by 
bromination gave similar results, except for a slight tendency to more intense cool flames in the 
purified gas. 

The Non-condensable Products of Oxidation of Ethane.—There was negligible reaction below 
I... Above it, reaction was rapid and 40—80% of the ethane consumed appeared in the product 
as ethylene. This rapid reaction took place at about 500° in vessels greater than 3 cm. in 
diameter. Smaller reaction vessels gave no reaction below 600° and no cool flames, but above 
this temperature reaction was complete, giving a product relatively rich in hydrogen and 
ethylene. Above T, over a range of 100° the composition of the products was remarkably 
insensitive to the temperature of the reaction vessel, suggesting that the temperature of the 
cool flame.and the background glow was constant at about 600° (see Table 1). 


TABLE 1. 
Vessel ‘low Composition of exit gas, % * 


Initial (vol. in ate, = =e 
C,H,/O, 6ic:) Temp. .c./sec. 0, 9 ‘ » C,Hyz4, CH, 
70/30 363, Pyrex 495° . . § “f . ‘7 55-2 — 
512 . +f { 2- § i 61-0 
535 . “ . 2. . ; 61-1 
540 , : Re ‘ : ; 61-4 
523 , ; 22: { . 16-9 49-1 
C,H, 
Pe 245, Quartz 617 5: . 23:°§ “ 5. 2 27-4 
100, Quartz 
60/40 Clean 525 
60/40 Coated B,O; 560 
70/30 520 
70/30 540 
70/30 6, Quartz 610 
coated B,O, 


” 


70/30 700 3-0 


* Analysis figures accurate to +-0-5%. 


” 


Che tlow-rate had to exceed a critical value in order to produce cool-flame pulses (Fig. 1). 
Below it, the nature of the products was not substantially altered but the effect of increasing 
the flow-rate again was to decrease the amount of recombination of ethylene and hydrogen. 
Further increase in the flow-rate resulted in the incomplete reaction of oxygen. 

A surface treated with hydrogen fluoride completely inhibited cool-flame pulses. Stainless- 
steel favoured carbon dioxide formation, but boric acid, potassium chloride, quartz, and Pyrex 
surfaces were all very similar in their effect. The limits of exit gas composition (for which 
analyses are available) formed with different reaction vessels for 70/30 mixtures are summarised 
in Table 2. 

TABLE 2. Analysis, %. 
Vessel “0, C,H, O; H, ; re CH, 
6 C.c., Quartz, clean or B,O,- 
coated 25—33 0—!] 9—23 2% -2! 6—10 
KCl-coated ae 25—33 0—1 19—31 2 2 6—10 
100 C.c., quartz .. eves 5 10—24 1—17 2—20 ‘ 3 4—13 
245 C.c., quartz y 9—24 O0—6 3—6 4- 40-—50 6—Y 
363 C.c., Pyrex - 15—26 0—5 3—10 2 - - 
400 C.c., stainless steel 2—{ 9—20 0—17 1—8 —15 37—67 3—10 

Podbielniak distillation confirmed that the unsaturated hydrocarbon was ethylene. The 
only other olefin present was the trace of propylene which had been shown to be present in the 
original (liquid) ethane by analysis with a mass-spectrograph. 

Addition of hydrogen increased the extent of hydrogenation of ethylene. The results in 
Table 3 are from the usual 70/30 mixture diluted with 20% of nitrogen or hydrogen; they have 
been corrected for excess of diluent additive for comparison. 
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The hydrogenation reaction, as shown by the effect on the ethylene : carbon monoxide 
ratio, is favoured by added hydrogen but hindered by nitrogen. 

The increased methane in the third run shown in Table 3 is probably due merely to an 
increase in ethane decomposed. The difficulty in such comparative experiments, where an 


TABLE 3. (245-C.c. plane-ended reaction vessel at 570°, and 20 c.c./sec.). 
Composition of products, % 


Additive 6; 
Nil ; °§ 4 
N, +4 f 4 
H, 5 
attempt is made to study the effect of a single variable, is that strictly comparable conditions 
are rarely obtainable. The main variables are temperature, flow-rate, composition, nature of 
surface, vessel length and diameter, conversion, and additives. ‘The aim has been to make 
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+ 265c¢.c.,guartz treated 
with HF 


—E—EEE = - 4 4 —_ ———— 
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Temperature Conversion, %, of original ethane 


comparisons (where possible) at constant conversion—the fraction of the original ethane 
decomposed—-or to compare conversions while varying a single factor. The relationship 
between methane and conversion mentioned above is brought out in Fig. 9, which demonstrates 
that methane is formed progressively during the reaction and that it is being consumed more 
slowly thanethane. This result is not surprising but it is reassuring to find that some correlation 
can be obtained from a large number of gas analyses over such a wide range of conditions : 
these varied from 43 to 30% of O,; 500° to 700°; contact times of 0-15 to 10 seconds in vessels 
of volume 6 to 400 c.c.; with surfaces of quartz, Pyrex, boric acid, potassium chloride, stainless- 
steel, and, in one case only, a surface treated with hydrogen fluoride. 

The nature of the products was very similar whether vigorous cool flames were evident or 
whether the sample was taken at a higher temperature, where only a weak background glow 
could be detected with the photomultiplier. The following analyses (4) referring to 70/30 
mixtures and the 245-c.c. reaction vessel are typical : 

Flow rate, 
Temp. c.c./sec Ce 

513 15-9 iE 

532 20-0 2. 

560 20-0 l- 

l- 


CO C,H, CH, 

16-3 51-8 6-4 Pulsing 
14-2 47-8 9-1 Pulsing 
16-0 46-9 9-0 No pulses 
1s-0 46-3 8-0 No pulses 


s1to to 


570 15-9 
Trial experiments with no oxygen showed that thermal decomposition of ethane became of 
importance only above 650° for the larger vessels (and 750° for the 6-c.c. reaction vessel). The 
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production of ethylene with the suddei onset of cool flames is shown in Fig. 10, which is a 
continuous record of the infra-red absorption at 950 cm.-! of the exit gas. 

A similar result was obtained with a 60/40 mixture on occasions when the cool flame pulses 
were preceded by violent ignition accompanied by a blue or a yellow flame. The same amount of 
ethylene was formed whether by cool flame or by true ignition. 

In general, at fast flow-rates, the quantity of ethylene in the product always exceeded that of 
carbon monoxide, which in turn was considerably greater than that of hydrogen except in the 


biG. 10. Production of ethylene with the onset of cool flames in 60/40 C,H,/O,: 238-c.c. quarts vessel ; 
flow-rate, 20 ¢.c./sec. 
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6-c.c. vessel in which hydrogen exceeded carbon monoxide but was always less than ethylene. 
The nature of the surface had no marked effect on the products except for stainless steel, which 
is known to favour the formation of carbon dioxide. Potassium chloride necessitated a higher 
temperature for initiation of the reaction, but boric acid had little effect. Cool flames in 70/30 
mixtures were completely inhibited in a 265-c.c. quartz reaction vessel (internal diameter 
Fic. 11. Variation of product composition 
with composition of feed gas: 363-c.c. 

Pyrex reaction vessel; 515°. 

2st \* 


Fic. 12. Comtposition of exit gas from a 70/30 
515° C,H, O, mixture: 6-c.c. quarts reaction 
, j vessel; flow-rate 1 c.c./sec. 
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40 mm.) which had been treated with 5°, hydrogen fluoride; after the vessel had been once 
re-fired, cool flames were again induced. Product analyses were as follows : 
Temp. CO, C,H, O, > o CH, 

500° 1-7 14:3 9-9 2- . 54°8 3-5 HF-treated, no pulses 

461 0-5 12-2 18:7 5: “8 2: nil Reactor re-fired, pulsing 
The lowest reaction-vessel temperature at which spontaneous cool flames had been observed 
was 461°, although induced pulses have been obtained at 430°. 

Increase of the oxygen between the limits 10—45°, seemed to affect only the amount of 
ethane consumed, the products all increasing steadily in approximately constant ratios—apart 
from ethylene which began to decrease presumably owing to oxidation, in the leaner mixtures 
The results are shown in Fig. 11 for the 363-c.c. Pyrex vessel; similar results were obtained 
with a 100-c.c. quartz vessel. 
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t was not possible to make comparisons of gas analysis results very close to T,. Once cool 
flames had started, independent control of the temperature of the reaction vessel was lost and 
that of its wall rose. By use of large vessels and a suitable flow-rate it was possible to limit the 
consumption of oxygen so that quantities up to 10% or more occurred in the exit gas. This 
could not be done in the 6-c.c. vessel, for which results above and below 7, are given in Fig. 12; 
intermediate results could be obtained only when the feed was diluted with nitrogen, but cool 
flame pressure pulses could not be obtained under any conditions. 

Ethylene was also the most important gaseous product to be formed in the induction period 
preceding explosion in an oxygen-rich mixture. A 30/70 C,H,/O, mixture was passed through 
the 6-c.c. reaction vessel, through a condenser, and then through a gas-sampling tube which had 
atap ateachend. On slow increase of the reaction-vessel temperature an explosion took place 
at 595° which destroyed the feed line and interrupted the flow. Closure of the two taps on the 
sampling tube isolated a sample of gas which had passed through the reaction vessel just below 
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the explosion temperature. The analysis of this sample is compared below with that of a 
sample taken at a lower temperature (545°) before any appreciable reaction had taken place. 


Flow rate, 1 c.c./sec. 
C,H, O, H, } CrHez+2 
Initial composition, % 1-9 64:3 Nil ; 32-9 
Pre-explosion composition, % . 5-0 62-4 Nil , 30-4 


The consumption of oxygen with the almost exclusive formation of ethylene indicates that the 
reaction in progress in the pre-explosion temperature region is not merely thermal cracking of 
ethane. 

It will be seen from Fig. 13 that yields of ethylene plotted against conversion lie on separate 
curves for different diameters and reactant compositions. 

The Condensable Product.—This was collected in an ice-cooled receiver, and occasionally in a 
trap at —80°. It consisted of a dilute aqueous solution of formaldehyde, acetaldehyde, acids, 
and peroxides. The main interest was in the nature of the peroxide, for which polarographic 
examination of the condensate gave no conclusive results. A polarogram of a product diluted 
to 1/400 with n/10-lithium chloride gave a distinct early step, starting at 0-3 v, which flattened 
off at 0-8 v, and then continued to increase in the manner usually associated with hydrogen 
peroxide or hydroxyalkyl peroxides. The polarographic waves due to formaldehyde (1-72 v) 
and acetaldehyde (1-98 v) were clearly seen. The separation of the peroxidic wave into two 
distinct portions could be achieved only at the optimum conditions of dilution and sensitivity 
(in this case 1/70), but in no case could such a resolution be achieved with synthetic mixtures of 
ethyl hydroperoxide and hydrogen peroxide with or without the addition of formaldehyde. 
This (purely negative) evidence did suggest that some other peroxidic species might be present, 
possibly by condensation of hydrogen peroxide with another reaction product. In all other 
respects the condensable product was similar to that obtained by earlier investigators. 


DISCUSSION 
From the manner in which the reaction rate depends on vessel diameter it is probable 
that chain initiation occurs in the volume of the gas and chain destruction at the wall. 
The main points that emerge from the gas-analysis results have already been indicated. 
The examination of the condensable product has not revealed anything new, other than 
casting doubt on the identity of the peroxide. The occurrence of cool flames—previously 
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unsuspected—is interesting, but little can be learnt yet from the oscillograms other than 
that visible light is emitted. It is assumed that the emitter is excited formaldehyde and 
that the cool flames are conventional in this respect. Confirmation that the observed 
flames are true cool flames comes from B. P. Mullins (private communication and National 
Gas Turbine Establishment Report No. R.96) who has noted cool flame phenomena in 
ethane/air mixtures between 600° and 800° while making ignition-delay measurements in a 
continuous flow turbine rig. The observation most difficult to reconcile with generally 
accepted theories of ethane oxidation is the production of ethylene in up to 80% yield. 
Although the results do not point unambiguously to the scheme given below, it is plausible 
that the presence of a free valency in the form of an ethyl radical from an unspecified 
initiating reaction should result in the following reaction cycle to yield ethylene : 
(1) C,H, + O, —> C,H, + HO, 
(2) HO, oe Inert product 
By attack on ethane this scheme can lead to an autocatalytic build-up of HO, : 
(3) HO, + C,H, —> H,0, + C,H, 
(4) H,O, —> HO + OH 
(5) OH + C,H, —> H,O + C,H, followed by (1) 

This sequence of reactions is not unlike that occurring in the hydrogen-oxygen reaction 
at the third explosion limit, where HO, radicals are present in the gas phase in quantity 
sufficient to react with hydrogen by HO, -+- H, —~> H,O, + H. If the reaction 

(6) C,H, + HO, —> C,H, + H,0, 
which may be supposed to be rapid, is now introduced (followed again by decomposition 
of H,O,) the possibility arises of reducing the reaction scheme to an approximation of the 
Frank—Kamenetzki equations (Compt. rend. Acad. Sct. U.R.S.S., 1939, 25, 671) : 


Se ie cal t, B 
> , ov where A is the reactant, Bb represents inert 
X+Y¥—>B + 2¥ products, X = HO,, and Y = C,H, 


A+Y-—>B 
This leads to the two equations : 
(a) dx/dt = hyax — kyxy (b) dy/dt = kyxy — kgay 
and a periodic solution for [X] and [Y]. This scheme has been examined and developed 
by Walsh (Trans. Faraday Soc., 1947, 48, 305), Denbigh, Hicks, and Page (tbid., 1948, 
44, 479), and Moore (ibid., 1949, 45, 1098). It is symbolic only, as each of the reactions 
involves a number of processes, but the periodic form of the solution for [HO,} and [C,H,] 
does suggest that the cool-flame periodicity may be inherent in the reaction mechanism 
and does not necessarily depend on localised heating and cooling effects of the system. 

When decomposition of HO, occurs to give relatively inert products, it may be expected 

that the reaction 
(7) C;H, —> C,H, + H 
becomes important and that the H, formed, particularly in the smallest reaction vessel, 
is a result of 
(8) H + C,H, —> H, + C,H; 

In the larger vessels equation (7) may set the upper limit to the cool-flame temperature. 
Any tendency for self-heating in the reacting mixture results in the increased importance 
of equation (7) and the interruption of reaction chains with a decrease in the overall rate of 
reaction. 

The mechanism given above may compete with the conventional peroxide scheme or, 
above T,, may be more important. Subsequent oxidation of ethylene as an intermediate 
can account for secondary products—including methane, which is formed in significant 
amount in the oxidation of ethylene alone. In the ethane system it may be formed either 


C.He . . stools 
by C,H,0 —-> HCHO 4- CH, ——> CH, -}. C,H, or, if the peroxide mechanism is excluded, 
by 


(9) H + C,H, —> CH, + CH, 
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The reaction of hydrogen atoms with oxygen—requiring a ternary collision—may well be 
slow compared with (9). The latter equation is supported by the evidence, summarised by 
Steacie (‘‘ Atomic and Free Radical Reactions,” Reinhold Publishing Corp., New York, 
1946), for the production of methane on mixing hydrogen atoms and ethane. 

Hydrogen peroxide as an essential intermediate receives support from Kooijman’s 
finding (/oc. cit.) that with ethane and propane the principal peroxide found in the condensate 
was hydrogen peroxide. This is not in disagreement with previous evidence (cf. Harris, 
Discuss. Faraday Soc., 1951, 10, 318, who emphasises that organic peroxides as such were 
only invoked in the initiation of the reaction). A further complication in elucidating the 
processes by which the products arise is that in experiments with ethylene/oxygen mixtures 
ethylene was oxidised at lower temperatures than ethane (in large-diameter vessels) and 
that in the 6-c.c. vessel the reverse was true. For instance, in the 363-c.c. Pyrex vessel, 
spontaneous yellow flames appeared at 430°, suggesting that the final gaseous products of 
ethane oxidation (CO, CO,, HzO, CH,) are, in part, derived from ethylene. As in the case 
of ethane, no flames were observed in the 6-c.c. vessel. These relative rates of oxidation 
may account for the high yields of ethylene in the 6-c.c. vessel, and the lower yields in the 
100-c.c. vessel (Fig. 13). 

Postulation of HO, as the chain carrier derives indirect support from the work of 
Walsh and his collaborators (‘3rd Symposium on Combustion, lame and Explosion 
Phenomena,” Williams and Wilkins Co., Baltimore, 1949, 389; J. Roy. Inst. Chem., 1951, 
75, 323) who identify the active anti-knock agent from tetraethyl-lead as lead oxide and 
suggest HO, as one of the likely chain carriers being destroyed. 

The reaction scheme requires that HO, should be able to build up to a critical concen- 
tration before rapid reaction sets in. When this critical concentration is reached, at 7,, 
reaction (6) becomes significant and dy/dé¢ in equation (6) becomes positive. HO, has been 
regarded as an intermediate of comparatively long life (Minkoff, Discuss. Faraday Soc., 
1947, 2, 151) so that it is able to diffuse to the wall and become a vehicle for the destruction 
of free valencies. In the hydrogen-oxygen reaction under comparable conditions, its 
life-time has been estimated by Lewis and von Elbe (op. cit.) to be of the order of 1 second. 
It is thus to be expected that there will exist, in this type of reaction, a critical vessel 
diameter above which chain-branching reactions are more important than the chain- 
breaking wall reactions. The presence of olefins in significant amount in the products of 
oxidation of hydrocarbons higher than ethane (for a recent summary see Garner and 
Petty, Trans. Faraday Soc., 1951, 47, 884) and even ether (McCormac and Townend, /., 
1940, 151) suggests that the reaction R +- O, —-> olefin -+- HO, may be of more general 
application in explaining how an apparently thermal decomposition can take place along- 
side direct oxidation, although under otherwise identical conditions no decomposition 
takes place in the absence of oxygen. The reaction of an alkyl radical with oxygen may 
be expected to have a much lower activation energy than that of a decomposition such as 
R°CH,*CH,* —-> R- + C,H. The latter reaction can account satisfactorily for the final 
production of methane and ethylene (if R = Me), but in the oxidation of ethane the 
intervention of such a “ cracking” chain initiated by C,H, -+- OH —-> H,O + C,H, 
depends on the accumulation of C,H, as an intermediate; this is a process which would 
appear to be inconsistent with the reactivity of hydrocarbon radicals in the presence of 
oxygen. 

No mention has been made of the processes by which methyl radicals are removed 
(other than by hydrogen-abstraction to give methane) as they are not essential to the main 
argument, but it has been found (Gray, of. crt.) that with oxygen, at temperatures up to 
70° and possibly up to at least 400°, only the reactions CH, +- O. -—> CH,*O*-O: —> 
CH,°O-OH are of importance. 


I thank Mr. E. Thompson for valuable assistance with the practical work, and the Analytical 
Department of this laboratory for the gas analyses. 


IMPERIAL CHEMICAL INDUSTRIES RESEARCH DEPARTMENT, 
ALKALI Diviston, NORTHWICH, CHESHIRE. eived, September 9th, 1952 


Boron Trifluoride Co-ordination Compounds. Part V. 


156. The Electrochemistry of Boron Trifluoride Co-ordination 
Compounds. Part V.* Boron Trifluoride-n-Alkyl Acetates. 


By N. N. GREENWooD and R. L. Martin. 


The equimolar co-ordination compounds of boron trifluoride with the first 
four n-alkyl esters of acetic acid have been prepared and characterised by 
melting point, and by density and viscosity determinations over a range of 
temperatures. The compounds in the pure molten state conduct electricity, 
and the variation of specific conductivity with temperature and composition 
has been studied. Both electrical conductivity and viscosity vary exponenti- 
ally with temperature, and activation energies for the processes of ionic 
migration and viscous flow have been calculated. A comparison of the 
densities, viscosities, and conductivities of the donor molecules with those of 
the boron trifluoride complexes demonstrates that formation of an oxygen 
boron donor-acceptor bond in the system boron trifluoride-alkyl acetate is 
accompanied by large increases in each of these properties. 


In Part Ill (J., 1951, 1795) certain physical properties of the compound boron 
trifluoride-mono(acetic acid), BF,,CH,°CO,H, were reported, these being required as 
part of a general electrochemical investigation on the co-ordination compounds formed 
by boron trifluoride. The properties studied were density, viscosity, and electrical con- 
ductivity as these lead to estimates of the degree of ionic dissociation in the molten com- 
pounds. The present communication reports extension of the experiments to the homo- 
logous series of 1 : 1 addition compounds between boron trifluoride and n-alkyl acetates, 
BF,,CH,°CO,R, where R is Me, Et, Pr®, or Bu". These compounds were chosen partly 
because of their convenient melting points (cf. Table 1) and partly because of the possibility 
of correlating their properties with the progressive variation in chain length of the addend. 

Stable compounds of boron trifluoride and alkyl acetates were first reported by Bowlus 
and Nieuwland (J. Amer. Chem. Soc., 1931, 53, 3835), who concluded that methyl, ethyl, 
and n-propyl acetates gave equimolecular compounds of which the two lower members 
were solids. In the same year, Morgan and Taylor (J. Soc. Chem. Ind., 1931, 50, 869) also 
reported the first two of these compounds. Apart from some parachor measurements by 
Sugden and Waloff (J., 1932, 1492) on Morgan and Taylor’s samples, boron trifluoride— 
alkyl acetates do not appear to have received further study. 


TABLE 1. Boron trifluortde-n-alkyl acetates. 
M. p. 


Compound This work Literature Chis work Literature 
BF,,CH,-COMe ...... 65-5° 60° 4; 61-5°? - 110°/739 mm.*; 112°/772 mm.’ 
BF;,CH,°CO,Et 26°; 31° 119/739 mm.*; 123/772 mm.° 
BF,,CH,°CO,Pr® . Liquid 127° (decomp.) 126/743 mm.* 

BF,°CH,°CO,Bu® 7-¢ New compound 135 (decomp.) New compound 


* Bowlus and Nieuwland (Joc. cit.). ® Morgan and Taylor (loc. cit.). 


In the present investigation the complexes were synthesised gravimetrically by passing 
purified boron trifluoride gas into a weighed amount of the ester. Absorption of an equi- 
molar quantity of the gas was rapid and complete and, if local heating of the liquid was 
minimized by careful control of the flow rate and by cooling, the complexes were obtained 
as viscous water-white liquids. The methyl acetate compound crystallized rapidly on 
cooling below its m. p. (65-5°), and if the temperature of absorption fell much below 60° 
blockage of the boron trifluoride inlet tube occurred. On the other hand, the ethyl, 
n-propyl, and n-butyl complexes showed a strong tendency to supercool by as much as 
10—20° unless crystallization was deliberately initiated. Fractional freezing of the liquids 
in dry air or nitrogen was the most effective means of purification. For each compound, 
four or five slow freezings at a temperature just below the m. p. sufficed to give a crop of 
transparent well-formed crystals, the m. p. being raised by about 1° (see Table 1 for final 


values). 
* Part IV, Greenwood and Martin, J., 1951, 1915 
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Table 1 shows that the m. p.s quoted by Bowlus and Nieuwland are particularly low ; 
in fact, they failed to obtain boron trifluoride-n-propyl acetate (m. p. 14-7°) in solid form. 
Further, in view of their statement that the complexes are dissociated in the vapour phase, 
their procedure for purification by distillation seems suspect. The present investigation 
has shown that distillation of freshly prepared boron trifluoride—v-butyl acetate at atmo- 
spheric pressure results in copious evolution of boron trifluoride followed by a colourless, 
constant-boiling fraction at 135°. A middle fraction of this distillate was collected and 
shown to have m. p. 4°, 7.e., some 13° below the m. p. of the starting material. Analysis 
of the distillate confirmed that partial thermal decomposition had occurred : 

(1 + *)BF,,CH,CO,Bu" —-> +BF, + BF,,(1 + *)CH,°CO,Bu® 
The micro-analyses (C, 43-0; H, 6-8%) suggested that x was about 0-2, corresponding to 
~15°%, dissociation of the complex. 

Boron trifluoride-n-alkyl acetates fume copiously when exposed to a moist atmosphere, 
and hydrolyse rapidly in water: BF ;,CH,*CO,R + 2H,O —> BF;,2H,O -+ CH,°CO,R. 
The solid complexes, after recrystallization, may be kept indefinitely in a dry atmosphere 
without apparent change. However, when molten, the compounds tend to decompose 
slowly, and become brown when kept for some months. 

Densities.—The densities were determined over a range of temperatures by using the 
Pyrex-glass dilatometer described in Part III (loc. cit.). The results, which refer to both 
the normal and supercooled regions, are listed in Tables 2 and 38. Values were not affected 


TABLE 2. Density of boron trifluoride-n-propyl acetate from 2° to 25°. 
2-00° 5-00° 9-00° 12-00° 15-00° 18-00° 22-70° 24-80° 
1-2176 1-2128 1-2095 1-2058 1-2023 “ds 1963 1-1941 


TABLE 3. Density of boron trifluoride-n-butyl acetate from 2° to 31°. 


2-15 6-40° 10:75° 13-80° 19-60° 22-95° 26-30° 30-90° 
1-1758 1-1709 1- 1658 1-1624 1-1558 1-1520 1-1483 1-1432 


by prolonged storage at the higher temperatures. The densities decrease linearly with 
rising temperature, and are consistent with the equations given in Table 4 to -+-1 in the 
fifth significant figure. The density of boron trifluoride-n-propyl acetate has been given 


by Bowlus and Nieuwland (loc. cit.) as d@ 1-170; the present data lead to a value of d? 
1-1964. 


TABLE 4. Dependence of density upon temperature: di = . 10° Bt. 


A B A B A B 
BF,,CH,CO,H* 1-5216 1-290 BF,,CH,-CO,Et® 1-276 1-23 BF,,CH,CO,Bu® 1-1781 1-134 
BF,,CH,°CO,Me® 1-324 1-17 BF,.CH,CO,Pr=" 11-2234 1-174 


* The value d§ 1-5220 quoted in Part III is 4 parts in 15,000 high owing to a small error in 
calibration of the dilatometer. ° Sugden and Waloff, J., 1932, 1492. 


These data not only are necessary to calculate dynamic viscosities, y = vd, and molar 
conductivities, » — Mx/d‘,, but also provide valuable information on the changes which 
accompany donor-acceptor bonding and on the constitution of the resulting adduct 
(Greenwood and Martin, Part VII, in preparation). The decrease in d} for the boron 
trifluoride-alkyl acetates is linear with chain length, whereas the value for the acetic 
acid complex lies above the curve, being considerably greater than that expected from a 
linear variation. The latter behaviour may arise partly from molecular association due 
to hydrogen-bonding, although it is more likely that the predominant effect is considerable 
ionic dissociation leading to stronger electrical fields and tighter binding within the liquid 
complex. 

Viscosities.—The viscous properties were examined by use of an Ostwald-Poiseuille 
viscometer described in Part I (Greenwood, Martin, and Emeléus, J., 1950, 3030). The 
temperature dependence of kinematic viscosity, v centistokes, and dynamic viscosity, 
7 centipoises, for the four complexes is recorded in Tables 5—8. The variation of dynamic 
viscosity with temperature is shown graphically in Fig. 1. The shapes of the y-¢ plots for 
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the ester compounds are similar and follow approximately the same curve, although there 
is a small displacement in viscosity with increasing chain length. By contrast, the 4-1 
curve for boron trifluoride- ~mono(acetic acid) lies conside rably above those of the other 
complexes. This probably arises, as does the density anomaly, partly from the molecular 
association characteristic of hydroxylated liquids and partly from the greater ionic disso- 


Fic. 1. Dynamic viscosity of boron 
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ciation of this compound (cf. . rt VII) leading to the formation of ionic clusters (Barrer, 
Trans. Faraday Soc., 1948, 39, 48). 


TABLE 5. Viscosity of boron trifluoride—methyl acetate from 60° to 73°. 
62:0° 63-0" 650°: 66-0° 
1-97 1-92 1-83 1-79 
2-40 2-28 2-23 


TABLE 6. Viscosity of boron trifluoride—ethyl acetate from 17° to 40°. 
1 iar 20-3° 23°8,° =. 26-6° 29-1° 31-4,° —- 33-3° 35°1,° 
616 554 486 440 406 375 357 3-36 
773 6-93 6-06 54705038 O44 4-14 


cod 


TABLE 7. Viscosity of boron trifluoride 
2-5° 40,2 6-0,° 8, 2,° 13-0° 153° 
16:84 15:37 13-79 = 12-5: 973 8-76 
20-55 18-73 16-77 5-3 13-48 11-76 10-55 


TABLE 8. Viscosity of boron trifluoride—n-butyl acetate from 2° to 31°. 
6-4,° 10-7,° 13-8,° 19-6 22-9,° 26-3” 30-8,° 
20 15-75 12-49 10-68 8-24 7-18 6-34 5-33 
23-93 18-44 14-56 12-41 9-53 8-27 7-28 6-09 


In Table 9, the viscosities of the complexes are compared at their m. p.s; the viscosities 
of the donor molecules at 20° are also included, and the Table shows the large increase 
which accompanies co-ordination. That the formation of “ salts ’’ in an acid—base system 
is accompanied by a marked increase in viscosity appears to be a general law (Prideaux 


and Coleman, J., 1937, 4), so the 10-fold increase observed in the present system, BF,— 
3D 
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CH,°CO,R, is not unexpected. The complexes also possess relatively high temperature 
coefficients of viscosity. Col. 5 lists values of the function (1/)(dy/dt) at the m. p.s of the 
complexes over a temperature interval, dt = 6°; corresponding values for the donor 
molecules are in col. 4. The data show that formation of the co-ordination complex 
increases the temperature coefficient of viscosity about 3-fold. A parallel increase occurs 
in the activation energy of viscous flow, E,. If log y is plotted against the reciprocal of 
absolute temperature for the liquids above their m. p.s, linear plots are obtained, showing 
that dynamic viscosity is related to temperature by the exponential relation : 4 = noe” ®?. 
Values of E,, are listed in Table 10 together with the corresponding quantities for the free 
donor molecules. 


TABLE 9. Dynamic viscosity and its temperature coefficient. 
7 (cp.) (1/n)(dn/dt), % 


Donor molecule Donor molecule * Adduct with BF, Donor molecule * Adduct with BF, 
CH,:CO,H 1-24 25-0 1-3 
CHy°CO,Me .......... 0-38 2-26 0-9 
COL UREE ........... 0:45 4-50 ; 
CH,°CO,Pre 0-58 10:83 
CH,-CO,Bu® 0-73 10-18 


* Values calculated from : Bingham, White, Thomas, and Cadwell (Z. phys. Chem., 1913, 88, 641), 
Thorpe and Rodger (Phil. Trans., 1897, 189, 71), Bingham and de Turck (/. Rheology, 1932, 8, 479). 


TABLE 10. Activation energies for viscous flow and tonic migration. 

Ey, kcal. mole : 

Pode srern ner rere A ey Ex, kcal. mole! 

Donor molecule Donor molecule * Adduct with BF, Adduct with BF, 
CH,:CO,H 8-53 7:38 
CH,:CO,Me “8S 4-97 6-17 
CH,°CO,Et 2. 5-68 6-35 
CH,-CO,Pra 2-98 717 6-30 
CH,°CO, Bu" 2-46 6-92 8-94 


* Calc. from data in the papers cited in Table 9. 


Table 10 illustrates that combination between boron trifluoride and acetic acid and 
its esters leads to large increases in the activation energy of viscous flow. In a compre- 
hensive review on the viscosities of liquids, Ward (Trans. Faraday Soc., 1937, 38, 88) has 
pointed out that values of E, for molecular liquids (which include non-polar, dipolar, 
hydroxylated, and hydrogen-bonded liquids) fall in the range 0:-4—3-5 kcal. mole™!, whereas 
for some metals, such as silver, E, may attain a value as high as 4-9 kcal. mole. By 
contrast, activation energies of the magnitude recorded in Table 10 are characteristic of 
highly ionized molten salts such as fused sodium and potassium chlorides. There is 
therefore an interesting parallel between the behaviour of boron trifluoride co-ordination 
complexes, which may be regarded as salts formed in a Lewis acid-base system, and true 
inorganic salts, even though the degree of ionic dissociation of the complexes is much 
smaller. The viscosities of boron trifluoride-alkyl acetates in the supercooled state have 
been discussed elsewhere (Greenwood and Martin, Nature, 1951, 168, 344; Proc. Roy. Soc., 
1952, 215, A, 46). . 

Electrical Conductivities.—The electrical conductivity of boron trifluoride—alkyl acetates 
was determined by methods outlined in Parts I (loc. cit.) and II (J., 1951, 1328). The 
conductivity of boron trifluoride is extremely low (<5 x 107! ohm"! cm."! at —120°; 
Woolf and Greenwood, J., 1950, 2200) and the conductivities of alkyl acetates are ~1076 
ohm™' cm."! or less. However, the conductivities of equimolar complexes of the two 
constituents are higher than those of the parent compounds by several powers of 10. This 
is summarized in Table 11, where values of specific electrical conductivity, «, for the 1: 1 
addition complexes are compared with values for the donor molecules interpolated from 
data in the literature. 

The variation of specific electrical conductivity with composition was determined for 
the systems boron trifluoride-methyl acetate and boron trifluoride-ethyl acetate. The 
characteristic features of these conductivity-composition isotherms are illustrated by the 


=~: 
dade 
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results obtained for the latter system at 33-0° (see Fig. 2). Initially the conductivity of 
pure ethyl acetate was <10°§ ohm"! cm."!, but addition of boron trifluoride rapidly increased 
it so that at a mole ratio BF,/CH,°CO,Et = 0-06 the specific conductivity was already 
0-71 x 10° ohm"! cm.!. Further additions of the gas increased the conductivity of the 
system until a maximum of 2-5 x 10° ohm™! cm."! was reached in the vicinity of the mole 
ratio 0-8. Further increase in the concentration of boron trifluoride reduced the con- 
ductivity until a well-defined minimum was reached at equimolar proportions of the 
constituents. Practically no further absorption occurred at atmospheric pressure, although 
a mole ratio of 1-05 was eventually reached by prolonged passage of the gas through the 
molten complex. This produced a further rapid increase in the conductivity of the system. 


Specific electrical conductivity at the m. p. 


x, ohm! cm. ! 


TABLE 1]. 


Adduct with BF, 
2:20 x 10°3 (37-5°) 
6-82 «x 10-4 (65-5 
1-67 x 10° (32-5 
6-37 x 10°5 (14-7 

<10-* (25°) 2-21 x 10°° (17-9 
Rabinowitsch (Z. phys. Chem., 1926, 119, 59), Patten (J. Phys. Chem., 
., 1921, 48, 1826), Sammis (/. Phys. Chem., 


Donor molecule * 
10-8 (25 
10-* (25°) 
10 * (25°) 

1076 (25°) 


Donor molecule 

CH,°CO,H 1-1 

CH,*CO,Me 3-4 

CH,°CO,Et ] 
CH,°CO,Pr® 
CH,°CO,Bu® 

* Values taken from: 

1902, 6, 554), Kendall and Brakeley (J. Amer. Chem. So 

1906, 10, 593). 
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TABLE 12. 
10%, &K t 105« 1054 K t 
Conductivity of boron trifluoride—methyl acetate from 63° lo 75°.* 


105« = 10% K 


10°« 


63-53 
65:13 
67-39 
69-69 


8-93 
10-16 
10-92 
BLT 


3-178 
3-543 
3°925 
4-133 
6-0 333 
7-0 546 


2-0 
4-0 
5:0 


72-1 0-174 
74:0 0-174 
76-6 0-175 
79:4 0-176 


67-4° 


0-177 
0-178 
0-179 
0-180 


81-7 79-09 
83-2 
85-9 
88-0 


Conductivity of boron trifluoride-ethyl acetate from 17° to 41°. 


0-0894 
0-0896 


25-1 
27:8 
31-5 


Conductivity of boron 


4:41 0-1068 11-0 
4:93 0-1060 12-0 
5:47 0-1046 12-5 
5:77 0-1043 13-0 
6-05  0-1035 14-0 
6:36 0-1029 15-0 


18-48 
20-32 
22-20 


0-0903 
0-0923 
0-0937 


35-5 
38-6 
41-0 


12-43 
13-97 
16-03 


trifluovide-n-propyl acetate from 0° to 25°. 
5-456 766 00-1012 19-0 
5-703 8-01 0-1008 19-5 
5-824 8-18 0-1003 20-0 
5-943 8:36 0-0997 21-0 
6-195 8:72 00-0995 22-0 
6-462 911 0-0992 23-0 
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9-033 


90-4 
95-4 
100-6 


10-71 
10-90 
11-12 
11-56 
11-98 
12-43 
12-84 


0-181 
0-183 
0-185 


0-0961 
0-0967 
0-0988 


0-0978 
0-0977 
0-0976 
0-0958 
0-0952 
0-0948 
0-0940 


6-723 9:48 00-0988 24-0 
7-008 9-89 00-0986 25-0 
7-291 10°30 0-0982 


9-376 13-34 0-0938 


4- 
4- 
8-0 4-762 6-66 0-1024 16-0 
9-0 4-982 6-98 0-1018 17-0 
10-0 5-216 ‘310-1014 18-0 


Conductivity of boron trifluoride—n-butyl acetate from § 
8-0, 1-247 ‘96 0-0330 16-0 1:995 3:16 0-0353 
10-0 1-414 2-23 0-0337 17-7, f 2:195 3-49 0-0358 
12-0 1-595 2-52 0-0343 18-0 2-221 3-53 0-0360 
14-0 1-787 2-83 0-0348 18-1, 2-240 3:56 0-0361 
* The units of «x, wu, and Kin this table are: « in ohm™'cm."'!; 
+ Value remained constant during 36 hours. 


0-0369 
0-0374 
0-0390 
0-0407 


3:97 
4°35 
4:99 
6-02 


in ohm"! cm.? cp 


24-55 
28-2 


winohm!cm.?; 


The stoicheiometric excess of boron trifluoride was evolved again when the molten complex 
was allowed to solidify. 

The conductivity-composition plot for the system boron trifluoride-methyl acetate 
displays similar characteristics to those in Fig. 2. However, with this system it was neces- 
sary to add boron trifluoride initially at 25° to prevent distillation of the free ester (b. p. 
57-1°). The system commenced to crystallize at a mole ratio BF,/CH,°CO,Me = 0-75, 
and the temperature was then raised to 70-2° for the remaining additions of gas. Asa 
result of five experiments, the minimum in conductivity was placed at a mole ratio 1-02. 
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There is no fundamental reason why the minimum in conductivity should coincide exactly 
with stoicheiometric proportions of the two components (cf. Prideaux and Coleman, loc. 
cit.; Kunzler and Giauque, J]. Amer. Chem. Soc., 1952, 74, 804). 

The temperature dependence of electrical conductivity of the four boron trifluoride- 
alkyl acetates was determined at a frequency of 1000 cycles; the values are given in Table 12. 
The conductivity data are also shown graphically in Fig. 3, where the logarithm of specific 
electrical conductivity, «x, is plotted as a function of temperature. For each compound, 
the values fall on a smooth curve slightly concave to the temperature axis, and a pro- 
gressive decrease in the magnitude of specific conductivity with increasing chain length is 
apparent. This arises largely from differences in density and viscosity of the complexes, 
so that for comparison purposes the specific conductivities in Table 12 have been reduced 
to comparable density and viscosity conditions by use of the function, R = Mxny/d. 
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Values of the reduced conductivity, ®, are much less dependent on molecular weight, 
decreasing from about 0-18 for boron trifluoride-methyl acetate to 0-035 ohm™! cm.~? cp. 
for boron trifluoride—n-butyl acetate. The Tables also list values of the molar conductivity, 
== Mx/d. Further discussion of the conductivities and their variations with temperature 
is deferred to Part VII. 

The specific conductivities recorded in Table 12 vary exponentially with the reciprocal 
of the absolute temperature, conforming to the equation « = Kye*«'"", where E, is the 
activation energy for the process of ionic migration. Values of E,, for the complexes above 
their melting points are given in Table 10. The values are of the same order of magnitude 
as the corresponding activation energies for viscous flow, with FE, = FE, + 20%. It is 
suggested that this indicates that similar configurational changes are involved in the 
processes of ionic migra ion and viscous flow in these liquids. 

Experimental.—The procedures used have been described in earlier papers referred to in 
the text. The esters used were B.D.H. “‘ Laboratory Reagent ”’ grade, purified in the following 
way. Methyl acetate: repeated fractionation through an efficient column packed with Fenske 
glass helices, the final fraction, b. p. 57-0—57-1°, n® 1-3608, being retained. Ethyl, ”-propyl, 
and n-butyl acetate: the esters were treated repeatedly with aqueous sodium carbonate, 
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washed thoroughly with water, and dried at 0° (CaCl,). They were then twice fractionated 

from phosphoric oxide through a Fenske column. Ethyl acetate had b. p. 76-6°/749 mm., 

n**® 1.3720; n-propyl acetate, b. p. 101-:9°/767 mm., n° 1:3838; n-butyl acetate, b. p. 126-0° /767 

mm., n° 1-3951. (All b. p.s are corrected.) Final purification of the boron trifluoride com- 

pounds was etiected by repeated fractional crystallisation from the molten complex. 
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157. The Electrochemistry of Boron Trifluoride Co-ordination 
Compounds. Part VI.* The System Boron Trifluoride—Methanol. 


By N. N. GREENWOOD and R. L. MARTIN. 


Specific electrical conductivity—composition isotherms in the system boron 
trifluoride—methanol indicate the existence of a 1:1 and a 1: 2 complex. 
These compounds, BF,,CH,°OH, BF,,2CH,°OH, have been obtained as colour- 
less crystalline solids melting at —18-6° and —58-1°, respectively. The 
electrical conductivity, viscosity, and density of the pure molten compounds 
have been investigated over a range of temperatures, and from these 
measurements, the activation energies of ionic migration and viscous flow 
have been calculated. The compounds show well-defined decomposition 
potentials above which electrolysis liberates hydrogen at the cathode. 
Boron trifluoride-monomethanol is shown to be methoxytrifluoroboric acid, 
H*[{BF,°OCH,]~, and boron trifluoride-dimethanol to be methoxonium 
methoxytrifluoroborate, [CH,°OH,]*[BF,°OCH,]~. 


THIS paper presents the results of a systematic investigation on the electrical conductivity, 
viscosity, and density of the system boron trifluoride-methanol. Two compounds have 
been isolated, a mono- and a di-methanol complex, viz., BF,,CH,°OH and BF;,2CH,°OH ; 
both have been reported in the literature, but very few precise physicochemical data are 
on record. 

Gay-Lussac and Thénard (“‘ Recherches physicochimiques,” 1811, 2, 38) first demon- 
strated the action of boron trifluoride gas on alcohol and suggested that the product on 
distillation was an ether. Similar results were indicated by the work of Desfosses (Ann. 
Chim. Phys., 1821, 16, 72), Liebig and Wohler (7b7d., 1832, 49, 25), and Kuhlmann (Annalen, 
1840, 33, 97, 192) but the stoicheiometry of the reaction was not established. Gasselin 
(Ann. Chim. Phys., 1894, 3, 5) showed that boron trifluoride was absorbed by alcohols in 
equimolar proportions. He believed that the liquid formed by direct absorption at 0° was 
a mixture, and attempted a separation by distillation. The products isolated were meth- 
oxyboron difluoride, BF,*OCHs (15%), and boron trifluoride—methy] ether, BF,,OCH, (50%). 
Both these compounds were well characterized by analyses (C, H, and B), density, melting 
point, boiling point, and chemical reactions, and there seems little doubt of their formation 
on distillation. Nieuwland, Vogt, and Foohey (J. Amer. Chem. Soc., 1930, 52, 1018) 
noted that the electrical conductivity of the boron trifluoride-methanol system showed a 
minimum at 47 wt.% of boron trifluoride and was of the order of 2 « 10°? ohm cm." (no 
temperature was specified). Both the catalytic activity and the conductivity were ascribed 
to fluoroboric acid, supposedly formed by the reaction 4BF, -+- 3CH,-OH —» B(OCHs), +- 
3HBF,. Further work by Bowlus and Nieuwland (7d7d., 1931, 58, 3835) was interpreted in 
terms of the formation of boron trifluoride-monomethanol which was postulated to ionize 
as methoxytrifluoroboric acid, H*[BF,-OCH,}-, but no direct proof was forthcoming. 
O'Leary and Wenzke (zbid., 1933, 55, 2177) demonstrated the existence of a 1 : 1 compound 
by tensimetric methods and prepared its mercury salt, Hg(BF,*OCH,),._ However, it was 
left for Meerwein (Ber., 1933, 66, 411) to isolate definitely both the 1:1 and the 1:2 
complex and to determine the boiling point, density, and refractive index of the latter 
(see also Meerwein and Pannwitz J. pr. Chem., 1934, 141, 123). 

* Part V, preceding paper. 
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In the present work the compounds were prepared by absorbing the appropriate 
amount of pure boron trifluoride gas in a weighed amount of cooled methanol, after which 
they were subjected to fractional freezing. Both compounds were colourless liquids 
which could be frozen to colourless transparent crystals. 

Melting points were determined both by the cooling-curve procedure and by direct 
observation on individual crystals. The m. p. of boron trifluoride-monomethanol was 

18-6°, which is 0-8° higher than the value found by O’Leary and Wenzke (loc. cit.); that 
of boron trifluoride-dimethanol was —58-1°. No comparison of this value with the liter- 
ature is possible since this compound has not previously been reported as a solid. Both 
compounds supercooled readily, and the | : 2 complex vitrified when cooled to —195°. 

The variation of specific conductivity with composition in the system boron trifluoride— 
methanol is shown in Fig. 1. At 25-0°, addition of only 1 mole °% of boron trifluoride 
results in a 1000-fold increase in electrical conductivity of methanol from ca. 10°5 to 107? 
ohm? cm.?. Continued addition of boron trifluoride increases the conductivity of the 


Fic. 1. Conductivity-composition isotherms for the system boron trifluoride—methanol. 
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system up toa maximum of 4:25 « 10°? ohm™! cm."! at a mole ratio of BF;/CH,*OH = 0-15. 
Thereafter the conductivity decreases and passes through a shallow minimum in the 
region of the mole ratio 0-5 corresponding to the compound boron trifluoride—-dimethanol. 
In this region the specific electrical conductivity is but slightly dependent on composi- 
tion; at 25-0°, the conductivity varies by only 2%, from 2-40 x 10° to 2:35 x 107% 
ohm! cm.~, between the mole ratios 0-48 and 0-70. It will be noted that by lowering the 
temperature from 25° to —45° (melting chlorobenzene bath) the position of the minimum 
is displaced from a mole ratio 0-535 to 0-527. The fact that the minimum does not occur 
precisely at the mole ratio 0-500 does not indicate inaccurate experimentation. Because 
of the complex interactions occurring in a system of varying composition, density, and 
viscosity, the minimum in specific conductivity need not occur precisely at the stoicheio- 
metric ratio and indeed may even be masked altogether (Greenwood, Martin, and Emeléus, 
J., 1951, 1328). This has recently been emphasized by Kunzler and Giauque (J. Amer. 
Chem. Soc., 1952, 74, 804). 

Further addition of boron trifluoride to the system results in a continued decrease in 
conductivity until the mole ratio 0-98 is reached, after which further absorption is extremely 
slow. In no instance could the mole ratio 1-000 be exceeded at atmospheric pressure. 
The curve at — 45° terminates at the mole ratio 0-96 owing to precipitation of the crystalline 


[1953] Boron Trifluoride Co-ordination Compounds. Part V1. 75 


1 : 1 complex from the melt at this composition. Further measurements were carried out 
at 0° and are not shown on the graph. In this way, the conductivity-composition iso- 
therms show the existence of a 1 : 2 complex and indicate that boron trifluoride cannot be 
absorbed by methanol beyond the mole ratio corresponding to the 1: 1 complex. These 
results, in conjunction with melting-point maxima, establish the existence of two compounds 
in the system, viz., BF,,CH,°OH and BF,,2CH,°OH. 

As unblacked platinum electrodes of diameter only 0-8 cm. were being used in the con- 
ductivity measurements, it was important to ascertain the frequency at which polarization 
effects became disturbing. Fig. 2 shows the dependence of the specific electrical con- 
ductivity of boron trifluoride-monomethanol on frequency at 25°. An extended scale has 
been used for the conductivity along the ordinate to accentuate the effects. At 1000 
cycles sec.? a 1%, variation in frequency causes only a 0-03°% variation in conductivity, 
and between the limits of 970 and 1030 cycles sec.-! the conductivity is within one part in 
1000 of its value at 1000 cycles sec.-!. Instability of the oscillator or slight error in frequency 
adjustment or calibration, therefore, does not affect the conductivity results significantly. 
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Vic. 2. The dependence of specific conductivity 
of BF;,CH,°OH on frequency. 
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The specific electrical conductivity of boron trifluoride-monomethanol purified by 
fractional freezing was studied in the temperature range --20° to +-25°. The results are 
presented in Table | and Fig. 3. The value at 25°, «3, = 1-240 « 107? ohm! cm."!, may be 


TABLE |. Electrical conductivity of BF,,CH,°OH.* 

t 102% be t 102% p t 102°« a 
—20-0° 0:4944 0-3388 2. —6-0° 0-6953 0-4821 “ 8-0° 0-9249 90-6492 
—18:0 0-5024 0-3572 2: —4:0 07288 0-5059 2-2% 10-0 00-9598 0-6748 
—16-0 00-5478 0-3766 2: —2-0 060-7593 0-5283 2-2% 12:0 0-9952 0-7009 
—14:0 0-5766 00-3969 2-21 0-0 O-7911 05514 2-5 15-2 1-053 0°7435 
—12-0 0-6052 0-4175 21 2:0 0-8230 0-5746 2-2 20:0 ~=1-133 ¢ 0-8037 + 
—10-0 0-6334 0-4378 -22 4:0 0-8561 0-5988 2-2! 25-0 1-240 0-8831 
— 80 06640 0-4596 2-2] 6-0 00-8906 00-6238 2-2! 


7) 
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* «in ohm? cm.!; molar conductivity p» VM«'d in ohm™! cm.*?; reduced conductivity K 
Mry/d in ohm cm.? cp. + Interpolated. 
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compared with the value x», = 1-371 x 10°? (Topchiev, Paushkin, Vishnyakova, and 
Kurashov, Doklady Akad. Nauk, S.S.S.R., 1951, 80, 381), published as an isolated observ- 
ation during the course of this work. In the 40°-range above the m. p. (—18-6°) the 
conductivity increases by 130%, and the relative temperature coefficient of conductivity, 
(1/x)(d«/dt), alters from 2-53% to 1-56%. 

The molar conductivity (p), like the specific conductivity, shows an increase (137%) in 
the same temperature range. The value of 0-804 ohm! cm.? at 20-0° is of the same order of 
magnitude as the molar conductivity of several molten salts. That the increase in con- 
ductivity is due predominantly to increased mobility rather than to increased ionic dis- 
sociation is seen by the constancy of the reduced conductivity, KR = yn = Mxn/d, in the 
last column of Table 1. The function corrects the molar conductivity for changes in 
mobility by introducing the dynamic viscosity, which is inversely proportional to the 
mobility in this system (see Greenwood and Martin, /., 1951, 1795). The mean variation 
in & over the whole 45° temperature range is <0-7%, and the maximum deviation from 
the mean is 1-6°%. 

The stability of the 1 : 1 complex at 25° was investigated; after 16 days, the specific 
conductivity had increased by less than 0-1%, after 7 weeks by less than 0-5%, and after 
>6 months in an imperfectly stoppered cell, during which time the compound developed a 
pale straw colour and evolved boron trifluoride, the conductivity increased by only 6%. 
If this increase is ascribed entirely to loss of boron trifluoride owing to thermal dissociation, 
the value after 6 months would indicate a mole ratio of 0-97. Insofar as the present 
electrochemical investigation is concerned, there is no significant change in properties at 
25° ina fortnight. The reproducibility of the specific conductivity is also indicated in Fig. 3. 


TABLE 2. Electrical conductivity of BF;,2CH,°OH.* 


t 10°« be K t 10°« 

—60-0° 0-2918 0-296 f —25:0° 1-187 1-241 t¢ . 2-198 2-359 
—55-0 0-3856 0-393 —20-0 1-350 1-416 . . 2: 2-565 
—50-0 0-4940 0-505 - —15:0 1-503 1-584 , 5: 2-562 2-775 
—45:0 0-6179 0-635 - —10:0 1-666 1-764 . 20: 2-7 2-997 
—40-:0 0-7516 0-775 — 50 1-835 1-953 : 5 2-945 3-220 
—35-0 0-8861 0-918 0-0 1-991 2-177 , . 142 3-451 
—30-:0 1-034 1-076 

* See first footnote to Table 1. + Densities by extrapolation between —60° and —25°. 

¢ Viscosities by extrapolation. 
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The specific electrical conductivity of boron trifluoride-dimethanol between —60° and 
-+-30° is given in Table 2 and Fig. 3. The relative temperature coefficient at 25° is 
(1/«)(d«/dt) = 1-33°4. Comparison between Tables 1 and 2 shows that, for any given 
temperature, the specific and molar conductivities of the 1 : 2 complex are greater than 
for the 1: 1 complex; e.g., at 25° the molar conductivity of boron trifluoride-dimethanol 
is nearly four times that of boron trifluoride-monomethanol. The final column in Table 2 
demonstrates that, when the molar conductivity is corrected for varying mobility by 
reducing conductivity to a standard of unit viscosity, an almost temperature-independent 
function is obtained. 

The presence of traces of water appears to have little effect on the specific conductivity 
of boron trifluoride-dimethanol. Samples of the complex prepared either from “ AnalaR ”’ 
methanol (<0 2°, of water) or from methanol dried by refluxing over magnesium gave 
essentially the same results. The deliberate addition of 2 moles °% of water to the complex 
increased its specific conductivity by 0-9°% at 25°. 

Both compounds gave well-defined decomposition potentials. For the 1 : 1 complex 
at 20°, D=2-8v; for the 1:2 complex at 22°,D=1:3v. Electrolysis of the liquids 
gave rise to copious cathodic evolution of a colourless gas together with minute traces of 
gas at the anode. 

Boron trifluoride-dimethanol was electrolysed at room temperature for 7 hours at 9-2 v 
and 30 milliamp. The cathodic gas was shown to be hydrogen (98-5 mole®) together with 
boron trifluoride (1-5 mole %). More rapid electrolysis at 75 v and 350 milliamp. gave the 
same result. The minute trace of anodic gas was insufficient for analysis. 
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The variation of the density of boron trifluoride-monomethanol with temperature was 
determined dilatometrically in the range —20° to +20° and is given by the equation 
di, = 1-4328 — 1-23, x 10°%¢. The precision with which the experimental values approxi- 
mate to this relation is shown in Table 3. 

The density of boron trifluoride-dimethanol in the same temperature range (Table 4) 
may be represented by the equation d = 1-2344 — 1-12 x 10%. In this instance the 


TABLE 3. Density of BF,,CH,°OH. 


bs.) df (cale.) 104A (obs.—cale.) t dj(obs.) af (cale.) 104 A (obs.—cale.) 
75 1-4575 0 5-0° 1-4265 1-4266 —1 

513 1-4513 0 10-0 1-4205 1-4205 0 

449 1-4451 —2 15-0 1-4144 1-4143 -+-1 

386 1-4389 —3 20-0 1-4081 1-4081 0 

3 26 1-4328 —2 


da} (o 
1-45 
1-4 
1-4 
1-4 
0-0 14 
points for the three lowest temperatures were less satisfactory, experimentally, and this 


is reflected in the deviations in the final column. For this reason, the least-squares line 
of best fit, which gives equal weight to all points has not been used. It will be noted 
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that both compounds«are considerably denser than methanol itself, the best values for 


which (see Timmermans, “ Physico-chemical Constants of Pure Organic Compounds,” 
Elsevier Publ. Co. Inc., N.Y., 1950) can be fitted by the equation d, = 0-8100 —0-94 x 107%. 


TABLE 4. Density of BF3,2CH,°OH. 


dj (obs.) df (calc.) 104A (obs.—cale.) t dj (obs.) dj(calc.) 104 A (obs.—calc.) 
1-2755 1-2568 +7 5-0° 1-2288 1-2288 0 
1-2515 1-2512 +3 10-0 1-2232 1-2232 0 
1-2458 1-2456 -++-2 15-0 1-2176 1-2176 0 
1-2400 1-2400 0 20-0 1-2120 1-2120 0 
1-2344 1-2344 0 


The kinematic viscosity (v, centistokes) was determined in a U-tube viscometer, and a 
kinetic energy correction made. The dynamic viscosity (n, centipoises) was then calculated 
by the relation y = djv. Table 5(a) lists the kinematic and dynamic viscosities of boron 
trifluoride-monomethanol in the temperature range —20° to -+-20°. Similar results for 
the 1:2 complex in the temperature range —11° to 40° are summarized in Table 5(6). 

TABLE 5. Viscosity of (a) BF,,CH,°OH and (6) BF,,2CH,°OH. 

(a) BF,, CHy OH (b) BFs, 2CHy OH 
y, cS. 4, = y, cs. 9 Cp. | t vy, CS. 1, Cp. vy, CS. 7, Cp. 
4-50 ; 0° 2- 3-69 —10-8° 3-86 4-82 - 0° 2-06 2-50 
3°93 5: 10-0 2-3: 3:34 — 8-0 3-60 4-48 25-0 1-89 2-28 
3-51 5- 15-0 2-13 3-01 — 08 3-00 3-71 30- 0 1-75 2-10 
3-11 . 20-0 ‘ 2-77 + 5-5 2-64 3-24 35-0 1-62 1-94 
2-83 . | 12-0 (2-48) (3-03) 40-0 151 1-80 
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Fig. 4 compares the values for the two compounds. The values are considerably greater 
than those of methanol itself, for which 7 99° = 1-18, ng == O-82, too = 0-597 cp. 


DISCUSSION 

Although the most significant conclusions about the nature of the two molten complexes 
are to be drawn from the conductivity, electrolysis, and viscosity results, the measure- 
ments of density are not without interest. It is true that their main use in this investig- 
ation lies in the calculation of the molar conductivity from the specific conductivity and of 
the dynamic viscosity from the kinematic viscosity, but they have a certain intrinsic 
importance owing to the structural information derivable from molar volumes. This 
topic is developed in a subsequent paper (in preparation), and, for the present, the density 
values will merely be compared with existing data. 

The density of boron trifluoride-monomethanol is given by Paushkin (Zhur. Priklad. 
Khim., 1948, 21, 1199) as 1-416 but neither temperature nor experimental details are 
recorded. The value may be compared with d?° 1-4081 found in the present work. The 
density of boron trifluoride—dimethanol was reported by Meerwein (loc. cit.) and Meerwein 
and Pannwitz (/oc. cit.) as d?? 1-3115, which is more than 8% higher than the present value 
of d?° 1-2120, but their specimen was “ purified ”’ by distillation under conditions which are 
known to alter the methanol content of the sample. Boron trifluoride—dimethanol used 
in the present investigation was purified by fractional freezing. The density was deter- 
mined on three different specimens, prepared from different batches of methanol, both by 
addition of boron trifluoride to methanol and by addition of methanol to boron trifluoride- 
monomethanol. The dilatometer was also recalibrated to eliminate this possible source of 
error. 

The activation energies of ionic migration and viscous flow may be estimated from the 
plot of log « or log y against the reciprocal of the absolute temperature. The curves so 
obtained are generally not linear over the whole temperature range, presumably because of 
the gradual decrease of intermolecular attraction as the temperature rises farther from the 
m. p. In general, the activation energy decreased with increasing temperature. A 


comparison between the activation energies of the two complexes and methanol itself is 
given in Table 6. 


TABLE 6. Activation energies of tontc migration, E,, and vtscous flow, Ey. 
Ey, kcal. mole" Ey, kcal. mole 
Compound Room temp. Low temp. Room temp. Low temp. 
BF,,CH,-OH 3°34 3-16 3-16 
BF,,2CH,°OH 2° 4-76 2-90 3:47 
CH,°OH -= 2-47 -— 


The Table indicates that the activation energies of the 1 : 1 complex at room temper- 
ature are slightly greater than those of the 1 : 2 complex and that these, in turn, are some- 
what above the activation energy for viscous flow of pure methanol. It may also be noted 
that the activation energies for viscous flow for both compounds fall within the range of 
activation energies for ionic migration, and that E, and E, are very similar to each other. 
This is in marked contrast to many molten salts for which the ratio E/E, may be as high 
as 5. The result suggests that similar configurational changes occur in the two processes 
in the case of the boron trifluoride complexes, and hence that the sizes of the cation and 
anion are similar. In those instances where there is a large disparity between FE, and E,, 
conduction is unipolar and occurs by the rapid migration of small cations through the 
interstices of the larger anion network, whereas viscous flow is conditioned by the shear of 
the anions past each other. 

The deduction of similarly sized ions is supported by the electrolysis results (see below), 
which establish the ions present in the | : 2 complex as [CH,*OH,)* and [BF,*OCH,]~. It 
may be concluded that the 1: 1 complex, which has been shown to be methoxytrifluoro- 
boric acid, H(BF,*OCH,), ionizes with solvation of the proton by a further molecule to give 
[BF;,CH,°OH,}* and [BF,°OCH,]-. 
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In order to stress the dependence of viscosity on free volume, an alternative relation to 
the exponential one just considered in connection with activation energies has been de- 
veloped by Batschinski (Z. phys. Chem., 1913, 84, 643) and Macleod (7 vans. Faraday Soc., 
1923—4, 19, 6). They propose an equation, 4 = B,(v — 6), where B and dare constants and 
v is the specific volume. The term (v — 8) represents the “ free volume ”’ in the liquid, and 
the constant B can be related to the size of the flow units (see Harrap and Heymann, 
Chem. Reviews, 1951, 48, 45). The experimental test of Batschinski’s equation is linear 
dependence of fluidity (6 = 771) on specific volume : v = B¢ +- 6, and this has been verified 
for the present compounds. Table 7 lists the values of the constants B and 6 for the two 
complexes and for methanol. It will be noted that the values of B for the two complexes 


TABLE 7. Batschinskt’s constants B and b. 
Compound B,cm.* cp. g7* -b,<eme gi Compound B,cm.2 cp. gb, cm.3 g.-! 
BF;,CH,°OH ... 0-670, BF,,2CH,‘OH 0-117 0-778, 
CH;'OH 1-16, 


are similar and nearly twice that for methanol itself. This demonstrates the expected 
increase in the size of flow units consequent on complex formation, and is a further result 
consistent with the ionization schemes discussed in the following paragraph. 

Electrolysis liberates hydrogen at the cathode, together with 1-5 moles % of boron 
trifluoride. There is only a minute trace of anodic gas; the oxygen in the system remains 
in the liquid phase, presumably still co-ordinated to boron trifluoride. Although complete 
analyses of the catholyte and anolyte have not been carried out, the results find a ready 
explanation in the following reactions : 

Ionic dissocation : 
2BF,,CH,-OH == [BF,,CH,-OH,]' + (BFyOCH,J- . . . . (1) 
BF;,2CH,‘OH == [CH,:OH,]' + [BF,OCH,]- . . . . . (2) 

Cathodic discharge : 

(BF, CH,OH,]}* -+- e- —>}H,+BF,CH,OH........&% 
ee ee.) en. 2 ee 

Anodic discharge : 
(REVO -—per + (BEyOCHM s «62 is ce en 
and 2{BF,-OCH,] —-> BF,,CH;OH + BF,H-CHO ... . (6) 


The overall electrolysis reactions are therefore simply represented by 


BY, CH, OH —>H,+ BP, HCHO... ...%* . 
and BF,,2CH,‘OH —-> H, + BF;,H‘CHO + CH;OH . . . . . (8) 


Reactions (5) and (6) would account for the absence of anodic gas. The compound 
boron trifluoride—formaldehyde has not been reported in the literature although its homologue 
boron trifluoride—acetaldehyde is known (Landolph, Compt. rend., 1878, 86, 1463; Brown, 
Schlesinger, and Burg, J. Amer. Chem. Soc., 1939, 61, 673); this is considered to be formed 
by an analogous disproportionation of the ethoxytrifluoroborate radical at the anode when 
boron trifluoride-ethyl ether, C,H,;*[BF,*OC,H,)~, is electrolysed (Greenwood, Martin, 
and Emeléus, J., 1950, 3030). 

The ionization schemes indicated by the electrolysis results are consistent with the 
general chemical properties of both compounds. Meerwein (loc. cit.) has shown that boron 
trifluoride—dimethanol is a strong acid, dissolving metal oxides and carbonates and de- 
composing diazoacetic ester explosively. It is, however, strange that, although Meerwein 
(loc. cit.) showed that boron trifluoride-dimethanol is a good conductor of electricity in 
nitrobenzene solution, Meerwein and Pannwitz (/oc. cit.) found a normal molecular weight 
for the complex in this solvent. 

Acidic properties have also been noted for boron trifluoride-monomethanol (Bowlus 
and Nieuwland, loc. cit.) and its mercuric salt has been isolated (O'Leary and Wenzke, Joc. 
ed.) : 

HgO + 2H+[BF,-OCH,]- —> Hg(BF,°OCH;),+H,O . ..... . (9) 
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In confirmation of this work it has now been found that electrolysis of a solution of mercuric 
oxide in methoxytrifluoroboric acid at 6 v and 16 milliamp. gives rise to both mercury and 
hydrogen at the cathode but no gas at the anode. This suggests that the water liberated 
in reaction (9) is subsequently involved in hydroxonium-ion formation. The overall 
reaction should therefore be formulated as 


HgO + 3BF,,CH,-OH —> Hg*+ + H,O+ + 3[BF,OCH,]- . . . . (10) 


The extent to which these ionizations occur, and the relation of the electrochemical 
properties of boron trifluoride co-ordination compounds to their catalytic activity will be 
discussed subsequently. 


EXPERIMENTAL 


The methods employed were very similar to those described in earlier papers. Methanol 
was of “ AnalaR’’ quality in which the only impurity was water (<0-2%). In some experi- 
ments the alcohol was dried by refluxing over magnesium, and then distilled in a closed system. 
Thermometers in the range — 20° to +-40° were graduated in 0-1° and calibrated directly against 
N.P.L. standards. Low temperatures were measured with an ammonia vapour-pressure 
thermometer. Thermostatic control above room temperature was obtained to +-0-015° by a 
contact thermometer and electronic relay in a large oil-bath. Below room temperature 'a large, 
transparent, vacuum flask was used, with acetone or toluene as bath liquid; temperatures were 
controlled manually to +-0-02° with use of solid carbon dioxide. 

Electrical conductivity was measured on a conventional Wagner-earthed A.C. network 
using the output of a Muirhead variable-frequency oscillator, type A-706-B, with a Muirhead 
amplifier detector, type D-161-A. Unless otherwise stated, measurements were made at 1000 
cycles sec.1. For low resistances a measured 1000-ohm resistance was included in series with 
the conductivity cell. The conductivity was determined to 1 part in 1000. 

Other details of conductivity cells, conductivity-composition cells, viscometers, and dilato- 
meters, as well as of the D.C. circuits and electrolysis apparatus, were as described previously. 
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158. The Synthesis of Thyroxine and Related Substances. Part XII.* 
The Preparation of Some Simple Analogues of Thyroxine. 
By J. H. Barnes, J. Evxs, F. F. STEPHENS, and G. J. WALLER. 


Several compounds in each of the following series were prepared by 
standard methods: (a) iodine-substituted phenoxyacetic acids, (b) benzyl 
and other ethers of 2: 6-di-iodophenols, variously substituted in the 
4-position, (c) 4-aryloxy-3 : 5-di-iodobenzoic acids, (d) 4-aryloxy-8 : 5-di-iodo- 
phenylalanines. 
Several attempts to prepare 4-(4-hydroxy-3 : 5-di-iodobenzyloxy)-3 : 5- * 
di-iodophenylalanine proved unsuccessful, owing to the great ease with 
which the ether linkage was cleaved. 
Antithyroid activities are reported for a number of compounds described 
in this and earlier papers. 


DuriNnG the last few years, antithyroid activity has been found in a number of 
comparatively simple aromatic iodo-compounds bearing little structural resemblance to 


* Part XI, J., 1953, 643. 
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thyroxine. Barker and his co-workers (Fed. Proc., 1950, 9, 8; .]. Pharm. Exp. Ther., 
1950, 99, 202; Endocrinology, 1951, 48, 525) have described one such series of compounds, 
the iodophenoxyacetic acids, several merabers of which possess appreciable activity. We 
have extended the series somewhat and, as shown in the Table, have confirmed Barker's 
discovery of antithyroid activity in this type of substance. The compounds were all 
prepared by reaction of the appropriate iodophenol with ethyl chloroacetate in alcoholic 
sodium ethoxide (Daniels and Lyons, J. Amer. Chem. Soc., 1936, 58, 2646) and alkaline 
hydrolysis of the ester, which was often not isolated. 

The observation by Woolley (J. Biol. Chem., 1946, 164, 11) that certain alkyl and 
aralkyl ethers of N-acetyl-3 : 5-di-iodotyrosine possess antithyroid activity was confirmed 
by Frieden and Winzler (ibid., 1949, 179, 423), who found that the benzyl ether (I; R = 
R’ = H) of 3: 5-di-iodotyrosine itself was considerably more effective than the N-acetyl 
derivative (I; R= H, R’ = Ac) and that the simple 4-benzyloxy-3 : 5-di-iodobenzoic 
acid (II; R = CO,H) was more active than either. However, these reports were based 
on tests with tadpoles and it seemed desirable to test these and related compounds for 
antithyroid activity in mammals. More recently, Maclagan et al. (Nature, 1949, 164, 
699; Brochem. J., 1951, 48, 188; 1951, 49, 710, 714) have prepared a large number of 


I I x I 
Fa \ : “ Y~ 
CH,Ph-O% SCHyCH-CO,R —-CH,PhO? SR CH,PhOY NI ROC _ hr, _® 
— NHR’ HO,C x I 
(1) (IT) (IIT) (IV) 


derivatives of 4-hydroxy-3 : 5-di-iodobenzoic acid and of 4-hydroxy-3 : 5-di-iodobenz- 
aldehyde. Several of them showed activity when tested in mice by the oxygen- 
consumption method, the most active of their series being butyl 4-hydroxy-3 : 5-di-iodo- 
benzoate. Barker et al. (Proc. Soc. Exp. Biol. Med., 1951, 78, 840; J. Pharm. Exp. Ther., 
1950, 99, 202) used thyroidectomised rats as test animals and found some activity in a 
number of 4-hydroxy-3 : 5-di-iodophenylalkanecarboxylic acids and similar di-iodophenols, 
although when comparable their tests tended to show lower activity than those using 
tadpoles; a similar species variation has become apparent during the biological tests 
reported later in this paper. 

Treatment of N-acetyl-3 : 5-di-iodo-pL-tyrosine with benzyl chloride in dilute sodium 
hydroxide solution (cf. Woolley, loc. cit.) produced a low yield of the benzyl ether (I; R = 
H, R’ = Ac), which was difficult to separate from unchanged phenolic material. The 
required compound was, however, obtained in satisfactory yield from N-acetyl-3 : 5-di- 
iodo-DL-tyrosine ethyl ester by benzylation in alcoholic sodium ethoxide and hydrolysis 
of the ester (I; R = Et, R’ = Ac) with dilute alcoholic sodium hydroxide. The acetamido- 
ester was hydrolysed to the free amino-acid (I; R = R’ = H) by prolonged treatment 
with boiling 40°, sodium hydroxide solution; the milder treatment described by Frieden 
and Winzler (loc. cit.) proved unsatisfactory, as did the use of acid conditions. 

When N-acetyl-3 : 5-di-iodo-L-tyrosine ethyl ester was treated with benzyl chloride 
in alcoholic sodium ethoxide, the resulting benzyl ether was optically inactive. It was 
then found that N-acetyl-3 : 5-di-iodo-1-tyrosine ethyl ester was rapidly and completely 
racemised by refluxing with 1-5 mols. of alcoholic sodium ethoxide, hydrolysis of the 
ester occurring simultaneously. On the other hand, similar treatment with 0-95 mol. of 
sodium ethoxide had no effect on the optical activity, and when these conditions were 
applied to the benzylation of the ester an optically active ether (I; R = Et, R’ = Ac) 
was obtained in 72°, yield. A higher yield of material with very similar rotation resulted 
from benzylation of the ester by benzyl chloride in the presence of potassium carbonate 
in ethyl methyl ketone. The ester was hydrolysed to the L-acetamido-acid (I; R= H, 
R’ = Ac) by dilute alcoholic sodium hydroxide. 

The benzyl ethers (II; R = CH,°CO,H), (II; R = CH,°CH,°CO,H), (Il; R= 
SO,H), and (III) were prepared by benzylation of the appropriate di-iodophenols with 
excess of benzyl chloride in aqueous-alcoholic alkali and alkaline hydrolysis of the benzyl 
esters so formed. The sulphonic acid was converted into 4-benzyloxy-3 : 5-di-iodo- 
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benzenesulphonamide (II; R = SO,*NH,). An alternative method, applied to the 
preparation of (II; R = CO,H) and (II; R = CH°‘CH-CO,H), involved esterification of 
the phenolic acid, benzylation in the presence of sodium ethoxide or potassium carbonate, 
and hydrolysis of the ester grouping. By similar methods, methyl, m-butyl, and p-nitro- 
benzyl ethers of N-acetyl-8 : 5-di-iodo-pL-tyrosine, and 3 : 5-di-iodo-4-methoxycinnamic 
and 8-(3 : 5-di-iodo-4-methoxyphenyl) propionic acids were prepared. 

Our initial attempts to prepare 2-(4-benzyloxy-3 : 5-di-iodophenyl)ethylamine (II; 
K = CH,*CH,*NH,) were defeated by our inability to obtain pure 3 : 5-di-iodotyramine 
by the method of G.P. 259,193. An attempt to prepare (II; R = CH,°CH,°NH,) by 
decarboxylation of 4-benzyloxy-3 : 5-di-iodo-DL-tyrosine gave only an intractable black 
solid, but the amine was obtained by Curtius degradation of the propionic acid. Attempts 
to hydrolyse the crude tsocyanate (II; R = CH,*CH,*NCO) with hydrochloric acid led to 
loss of iodine, but either the zsocyanate or the urethane (II; R = CH,°CH,*NH-CO,Et) 
could be converted into the required amine by alkali. 

3enzyl ethers of type (IV; X =I, R = H) and, in particular, the “ homothyroxine ” 
iv: & I, R=H, R’ = CH,°CH(NH,)-CO,H] seem of some interest as being more 
closely related to the hormone. Woolley (loc. cit.) sought this acid via the p-nitrobenzyl 
ether of N-acetyl-3 : 5-di-iodotyrosine, but his attempts to reduce the nitro- to an amino- 
group resulted in cleavage of the benzyl ether. To avoid the necessity for a reduction, 
we planned to protect the hydroxyl group by acylation. 

4-Benzoyloxybenzyl bromide was best prepared by treating #-tolyl benzoate with 
N-bromosuccinimide ; use of elementary bromine (Raiford and Milbery, J. Amer. Chem. 
Soc., 1934, 56, 2727) was less convenient and gave a much lower yield. The bromide 
could not be made to react with methyl 4-hydroxy-3 : 5-di-iodobenzoate in methanolic 
sodium methoxide, but both (IV; X =H, R= Bz, R’ = CO,Me) and [IV; X= H, 
R = Bz, R’ = 1-CH,*CH(NHAc)-CO,Et} were prepared in high yield from the appropriate 
phenolic compound and 4-benzoyloxybenzyl bromide in ethyl methyl ketone containing 
potassium carbonate. However, all attempts to hydrolyse the benzoic ester groupings in 
these compounds, whether with acid or alkali, led to cleavage of the ether linkage. The 
lability of this linkage was shown strikingly by an experiment in which treatment of 
(IV; X =H, R = Bz, R’ = CO,Me) with methanolic potassium hydroxide gave methyl 
4-hydroxy-3 : 5-di-iodobenzoate, the ester group having survived under conditions that 
led to cleavage of the ether. 

The acetates (IV; X = H, R = Ac, R’ = CO,.Me) and (IV; X = H, R= Ac, R’ 
L-CH,*CH(NHAc):CO,Et] were prepared by methods similar to those used for the 
benzoates, but the same difficulty was encountered in hydrolysis. The instability of 
these p-acyloxybenzyl ethers is paralleled by that of p-aminobenzyl phenyl ether, the 
hydrochloride of which liberates phenol in aqueous solution at room temperature (Peak 
and Watkins, J., 1950, 445). 

As seen from the Table, some of the benzyl ethers described above show some anti- 
thyroid activity when tested by the oxygen consumption method in mice, though the 


ON O,N_ _ H,N_ 
ArOH +c? “co,R —> aAr0? ‘CO,R — Aro? ‘SCO,R 
O,N O,N (Vv) H,N (VI) 
NaNO,-H,SO ; 
Na? SO,; fr a ~~ 
oo ArO¢ ‘SCO,R so Nco,r 
Nal-I, ce : ‘ : 
I (VIT) (VITT) 
activites were considerably lower than those found by Frieden and Winzler (loc. cit.) with 
tadpoles. In the hope of finding more active compounds a series of 4-aryloxy-3 : 5-di- 
iodobenzoic acids was prepared. 
4-Chloro-3 : 5-dinitrobenzoic acid reacted with phenol in aqueous potassium carbonate 
to yield 3 : 5-dinitro-4-phenoxybenzoic acid (V; Ar = Ph, R = H) which was reduced 
catalytically to the diamine (VI; Ar= Ph, R=H). This was converted into the 
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required 3 : 5-di-iodo-4-phenoxybenzoic acid (VII; Ar = Ph, R = H) by tetrazotisation 
and then by a Sandmeyer reaction under conditions similar to those described in earlier 
papers of this series. Since (VII; Ar = Ph, R = H) showed greater activity than the 
corresponding benzyl ether, a few compounds were prepared in which the phenoxy-group 
carried alkyl substituents. These compounds (VII; Ar = 3: 4-Me,C,Hg, 3: 5-MesCgHsg, 
or 2-C,)H,) were prepared in much the same way as the unsubstituted compound; they 
showed little or no antithyroid action. 

Closely related to the above compounds is 4-(2 : 4-di-iodophenoxy)benzoic acid 
(VIII; K = H) the preparation of which was suggested by the high activity of 2 : 4-di- 
iodophenoxyacetic acid (Barker et al., locc. cit.). It was prepared by the usual method 
from ethyl 4-(2 : 4-dinitrophenoxy)benzoate, itself obtained by reaction of 1-chloro-2 : 4- 
dinitrobenzene with ethyl -hydroxybenzoate. 

Finally, a few similarly substituted 4-aryloxy-3 : 5-di-iodophenylalanines (XIII) were 
prepared, in the hope that the closer structural resemblance to thyroxine might lead to 
greater activity. The compounds (XIII; Ar = Ph, 3: 4-Me,C,Hs, 3: 5-Me,C,H,, and 
3:5: 1-MeEtC,H,) were prepared from N-acetyl-3 : 5-dinitrotyrosine ethyl ester by the 
method indicated, usually from the L-amino-acid derivative. The diamines (XI) could 


N O,N 
me" p-CgH MeSO,Cl a , 
HO CHCECOLE =] =e SO,°O SCH,CH:CO,Et 
“NHAc- cite a 3s NHAc (XI) 
O,N aici O,N NESE h 
ON H,N 
ArOH oo H, orn — 
ArO SCH, CH-'CO,Et ———> ArO CH,°CH:CO,Et 
C,H,N "NHAc (X Pd-C VHA (XI 
O,N NHAc (X) H,N NHAc (XI) 
I I 
NaNO,-H,S0,; —) “\ 2 
<a ALO CH,CH-CO,Et ——> ArO CH,CH-CO,H 
sii ;- NHAc : NH, 
(X11) (XIII) 


not be purified, but were generally characterised as acyl derivatives or salts; this 
behaviour contrasts with that of the 3 : 5-diamino-4-aryloxybenzoic acids and esters, of 
which most were comparatively stable crystalline solids. Since it seemed desirable that 
the final products should be racemic, the acetamido-esters (XII) were treated with alcoholic 
sodium ethoxide before hydrolysis. In the preparation of (XIII; Ar = 3:5: 1-C,H,MeEt) 
the starting material was N-acetyl-3 : 5-dinitro-DL-tyrosine ethyl ester, whose toluene-p- 
sulphonate, unlike the L-compound, was crystalline. The subsequent stages were as 
described above, with the racemisation stage omitted. 


BIOLOGICAL RESULTS 


The compounds were tested in the Department of Chemical Pathology, Westminster 
Medical School, and in the Pharmacology Unit of this Company. With the exceptions 
indicated (see note 2), the method was that of Maclagan et al. (J. Endocrinol., 1950, 6, 
456; Biochem. J., 1951, 48, 188) in which both the test-substance and the sodium 
salt of thyroxine are administered subcutaneously to mice and the rise in oxygen 
consumption is compared with that produced by thyroxine alone, the dosage of the latter 
being such as to produce a standard increase of 60—90°%. A compound is regarded as 
being active at a particular dose level if it causes a decrease of at least 30% in the rise of 
oxygen consumption produced by thyroxine. 

The compounds shown in the Tables are those described in this paper and in Part VIII 


(J., 1951, 2467). The activities are indicated as follows: -+-+-+- active at a dose of 
100 mg./kg. or less; ++ active at a dose of 200 mg./kg. but not at lower doses; 


active at a dose of 400 mg./kg. but not at lower doses. Compounds found inactive at a 
dose of 400 mg./kg. have been omitted. 
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I 
lodophenoxyacetic acids ; RZ ‘SO-CH,‘COR” 


Mg 
R R’ RR?’ Activity Notes R R’ R’ Activity Notes 
Me I OH +4 _ I Pri OEt yet l 
CO,H I OH + - I I OH aie l 
oe - Me OH at l I I OEt 1 4 . 
] Me OEt }. -{ 1 I ] OBu t. l 
I Me NH-NH, l I I NH-*NH, 2 


I 
Benzylethers: RZ Scu,o¢7 pr’ 


a 
R R’ ld Activity Notes 
H CO,H I r ! 
H I CO.H -- _ 
H CH,°CO,H I -- 2 
H pL-CH,*CH(NHAc):CO,H J aoatee! 3 
H L-~CH,*CH(NHAc):CO,H I a 
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CMe: 
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\NN==CMe 
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3: 5-Me,C,H," CQ,H }- l 
3:5: 1-C,H,MeEt pL-CH,*CH(NH,)-CO,H - 2 
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Miscellaneous Compounds 
Compound Activity Notes Compound Activity Notes 
I O,N _ ai 
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pL-HO S—o-¢ SCHy'CH-CO,H + 4 
O,N NH, 


Notes : 1, Not tested at dose levels lower than 200 mg./kg. 2, Active when fed along with thyroxine 
in the diet ata wt. ratio of 100: 1. 3, Prep.: J., 1952, 827. 4, Prep.: /., 1951, 2467. 


EXPERIMENTAL 
[x] are for chloroform solutions, unless otherwise specified. 

2 : 6-Di-iodo-4-methylphenoxyacetic Acid.—Sodium (1:3 g.) was dissolved in ethanol (150 c.c.), 
3: 5-di-iodo-p-cresol (18-0 g.) and ethyl chloroacetate (7-5 c.c.) were added, and the solution 
was boiled for 6 hours. 10N-Sodium hydroxide (56 c.c.) was added and the solution was boiled 
for 2 hours more. Concentration gave a brownish solid, which was removed and treated with 
hydrochloric acid. Recrystallisation of the resulting acid from aqueous acetic acid produced 
colourless crystals (6-7 g., 32%), m. p. 167° (Found: I, 60-3. Calc. for C,H,O,I,: I, 60-7%). 
Wawzonek and Wang (J. Org. Chem., 1951, 16, 1271) give m. p. 168—169°. 

4-tert.-Butyl-2 : 6-di-iodophenoxyacetic Acid.—Sodium (0:23 g.) was dissolved in ethanol 
(30 c.c.), 4-tert.-butyl-3 : 5-di-iodophenol (Burger et al., J. Amer. Chem. Soc., 1945, 67, 1416) 
(4-02 g.) and ethyl chloroacetate (1-05 c.c.) were added, and the solution was boiled for 4 hours. 
The crude ester was extracted with ethyl acetate from the diluted mixture and the extract was 
washed with sodium carbonate solution and water and evaporated to dryness. The residue 
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was boiled for 2 hours with sodium hydroxide (30%; 15 c.c.) and sufficient alcohol to give a 
clear solution. Acidification precipitated the acid as an oil that later crystallised. 
Recrystallisation once from alcohol and twice from aqueous acetic acid gave colourless crystals, 
m. p. 183—184° (Found: I, 55:2. C,,H,,0,I, requires I, 55-2%). 

4-Carboxy-2 : 6-di-iodophenoxyacetic Acid.—This was prepared from methyl 4-hydroxy- 
3: 5-di-iodobenzoate (4-0 g.) and ethyl chloroacetate (2-4 g.) as described for 2 : 6-di-iodo-4- 
methylphenoxyacetic acid. After the hydrolysis, the solution was diluted and acidified. The 
precipitated acid, crystallised from acetic acid, had m. p. 253° (decomp.) (Found: I, 56-0. 
C,H,O,;I, requires I, 56-7%). 

3: 5-Di-iodo-o-cresol (Me = 1).—The following method was much more satisfactory than 
those described in the literature. A solution of o-cresol (10-8 g.) in a mixture of 20% aqueous 
methylamine (80 c.c.) and methanol (50 c.c.) was stirred while a solution of iodine (50-8 g.) and 
sodium iodide (60 g.) in water (60 c.c.) was added gradually. A yellow solid began to separate 
after a short time. The mixture was stirred for a further hour and the solid was then filtered 
off and treated with dilute hydrochloric acid containing a little sodium metabisulphite. It 
was then filtered off, washed with water, and dried. The material (32-8 g., 91%) melted at 
56—59°; crystallisation from acetic acid raised the m. p. to 65—66° (Datta and Prosad, 
]. Amer. Chem. Soc., 1917, 39, 441, give m. p. 67°). The acetate, after crystallisation from 
aqueous ethanol, had m. p. 72——74° (cf. 56° given by Willgerodt and Kornblum, J. pr. Chem., 
1889, 39, 289) (Found: C, 27-05; H, 2:2; I, 62:7. Calc. for C,H,O,I,: C, 26-9; H, 2-0; 
I, 63-1%). 

4 : 6-Di-iodo-2-methylphenoxyacetic Acid.—Sodium (1-3 g.) was dissolved in ethanol (150 c.c.), 
3: 5-di-iodo-o-cresol (18-0 g.) and ethyl chloroacetate (7-5 c.c.) were added and the solution was 
boiled for 6 hours. Most of the alcohol was distilled off, the residue was dissolved in chloroform 
and the solution was washed with water. After evaporation of the chloroform, the residue was 
crystallised from alcohol. The ethyl ester (15-1 g., 68%) was obtained as needles, m. p. 72— 
73° (Found: I, 57-1. C,,H,,O,1, requires I, 56-95%). 

The free acid, obtained in 81% yield by hydrolysis with aqueous-alcoholic sodium hydroxide, 
melted at 205—206° after crystallisation from acetic acid (Found: C, 25-8; H, 1-7; I, 60-5. 
Calc. for CgH,O,I,: C, 25-8; H, 1-9; I, 60-7%) (Wawzonek and Wang, loc. cit., give m. p. 
205°). 

The ester (3-0 g.) was dissolved in saturated alcoholic ammonia. After 5 days the solution 
was evaporated and the solid crystallised from alcohol; the amide (2-6 g., 93%) melted at 
162° (Found: N, 3-2; I, 60-5. C,H,O,NI, requires N, 3-4; I, 60-9%). 

The ester (10 g.) was boiled for 6 hours in 50% hydrazine hydrate (50 c.c.) and ethanol 
(20c.c.). After cooling, the hydrazide (4-7 g., 48°%) was filtered off and crystallised from alcohol ; 
it had m. p. 141° (Found: N, 6-5; I, 58-6. C,H,,O,N,I, requires N, 6-5; I, 58-8%). 

4 : 6-Di-iodo-2-propylphenol.—A solution of 2-n-propylphenol (Farinholt, Harden, and 
Twiss, J. Amer. Chem. Soc., 1933, 55, 3383) (6-8 g.) in aqueous methylamine (30%; 55 c.c.) 
and methanol (100 c.c.) was treated during 45 minutes, while being stirred, with a solution of 
iodine (25-4 g.) and sodium iodide (50 g.) in water (30 c.c.). The mixture was stirred for a 
further 30 minutes and, after removal of some insoluble material, was acidified with 
concentrated hydrochloric acid (external cooling to <5°). The 4: 6-di-iodo-2-propylphenol 
(16-3 g., 84%) separated as an oil, which solidified and then had m. p. 51—52°. This crude 
material was used for the subsequent stages, but for characterisation it was acetylated (acetyl 
chloride-pyridine). After distillation under high vacuum and crystallisation from methanol 
the acetate melted at 39-5—40-5° (Found: C, 31-1; H, 2-8; I, 58-6. C,,H,,0,I, requires 
C, 30-7; H, 2:8; I, 59:0%). 

Ethyl 4 : 6-Dt-todo-2-propylphenoxyacetate.—This was prepared in the usual way from 4: 6- 
di-iodo-2-n-propylphenol (2-0 g.) and was purified by passage in chloroform through alumina. 
The ester crystallised from aqueous alcohol in needles, m. p. 63—65° (Found: C, 33-9; H, 3-5; 
I, 51-1. C,3H,,.O3I,,4C,H,O requires C, 33:8; H, 3-8; I, 51-2%). 

Butyl 2: 4: 6-Tri-iodophenoxyacetate.—A solution of ethyl 2: 4: 6-tri-iodophenoxyacetate 
(Daniels and Lyons, J. Amer. Chem. Soc., 1936, 58, 2646) (11-2 g.) in n-butanol (70 c.c.) 
containing toluene-p-sulphonic acid (1-0 g.) was boiled for 5 hours. After cooling, the solid 
was filtered off and washed with 2N-sodium carbonate and water. ‘The ester (8-5 g., 72%) 
crystallised from cyclohexane as needles, m. p. 80—82° (Found: C, 24-4; H, 2:3; I, 64-9. 
C,2H,,0,I1, requires C, 24-6; H, 2-2; I, 65-0%). 

2:4: 6-Tvi-iodophenoxyacetohydrazide.—Ethy1 2: 4: 6-tri-iodophenoxyacetate (5-0 g.) was 
boiled under reflux for 6 hours with hydrazine hydrate (25%; 100 c.c.) and sufficient alcohol 
3E 
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to give a clear solution. After cooling, the hydrazide was filtered off and crystallised from 
alcohol. The colourless crystals (2:5 g., 51%) melted with effervescence at 190—-191 
resolidified, and finally melted with loss of iodine at 210°. After further crystallisation from 
methanol the substance melted at 192° and 211° (Found: N, 5-1; I, 69-4. C,H,O,N,I, 
requires N, 5-15; I, 70-0%). 

N-Acetyl-4-benzyloxy-3 : 5-di-iodo-p.i-phenylalanine Ethyl Ester (1; R= Et, R’ = Ac). 
Sodium (1-03 g.) was dissolved in anhydrous ethanol (55 c.c.), and N-acetyl-3 : 5-di-iodo-p1- 
tyrosine ethyl ester (J., 1950, 2824) (13-65 g.) was added. Benzyl chloride (4-7 c.c.) was added 
dropwise and the mixture was then boiled under reflux for 90 minutes. Most of the alcohol 
was distilled off, water was added, and the solution was acidified and extracted with ether. 
The extract was washed with sodium carbonate solution and water, then dried (MgSO,), and 
the ether was removed. Crystallisation of the residue from aqueous alcohol yielded the benzyl 
ether (9-6 g., 60%), m. p. 126—129° (Found: N, 2-4; I, 42-2. C,9H,,O,NI, requires N, 2-4; 
I, 42-8%). 

A solution of this ester (3 g.) in 40°%4 aqueous sodium hydroxide (9 c.c.) and ethanol (45 c.c.) 
was left at room temperature for 100 minutes, at the end of which a test portion gave no 
precipitate on dilution with water. The solution was filtered and acidified to Congo-red with 
2n-hydrochloric acid. The resulting oil solidified and was crystallised from methanol. The 
acetamido-acid (2-36 g.; 82%) melted at 78—88°, resolidified, and finally melted at 176-179”. 
lor analysis it was dried at 120° under reduced pressure (Found: N, 2-5; 1, 45:0. C,gH,,O,NI, 
requires N, 2-5; I, 44:9%). 

4-Benzyloxy-3 : 5-di-iodo-pi-phenylalanine (I; R = R’ = H).—N-Acetyl-4-benzyloxy-3 : 5- 
di-iodo-pL-phenylalanine ethyl ester (5 g.) was boiled under reflux for 16 hours with 40% sodium 
hydroxide solution (50 c.c.) in a stainless steel vessel. The resulting mixture was diluted with 
water, warmed to dissolve the solid, filtered, and brought to pH 5 with acetic acid. After 
cooling, the solid was filtered off, washed with water, and dried. It was extracted with a large 
volume of boiling 0-2N-hydrochloric acid, and the liquid was decanted from a little gum and 
cooled, whereupon the hydrochloride crystallised. The solid was dissolved in N-sodium 
hydroxide, filtered and brought to pH 5 with acetic acid. The free base was filtered off, washed 
well with water, and dried. The amino-acid (3-2 g., 69%) melted at 208—209° and gave a 
positive ninhydrin test and a negative Kendall reaction (Found: N, 2-5; I, 48-5. Calc. for 
C,,H,,O,NI,: N, 2:7; I, 48-59%). Frieden and Winzler (J. Biol. Chem., 1949, 179, 423) give 
m. p. 203—205° (decomp.). 

N-Acetyl-4-benzvloxy-3 : 5-di-wodo-L-phenylalanine Ethyl Ester (1; R= Et, R’ = Ac). 
(a) Sodium (0-09 g.; 0-95 mols.) was dissolved in absolute ethanol (13 c.c.), and N-acetyl-3 : 5- 
di-iodo-L-tyrosine ethyl ester (J., 1950, 2824) (2 g.) was added, followed by benzyl chloride 
(0-69 c.c.). The mixture was boiled under reflux for 90 minutes and most of the alcohol was 
then distilled off. Addition of water gave an oil which solidified. This material was shown by 
the Kendall test to contain some unchanged starting material and this was removed by washing 
the material in chloroform with sodium carbonate solution and then with water. Removal of 
the chloroform and crystallisation of the residue from aqueous ethanol gave the acetamido-estey 
(1:7 g., 72%), m. p. 152—154°, [a]? + 53° (c, 1-0) (Found: N, 2-2; I, 42-4. C, H,,0,NI, 
requires N, 2-4; I, 42-8%). 

(b) N-Acetyl-3 : 5-di-iodo-L-tyrosine ethyl ester (15 g.) in ethyl methyl ketone (180 c.c.) was 
boiled under reflux for 3 hours with potassium carbonate (12-4 g.) and benzyl chloride (5:2 c.c.). 
After removal of potassium chloride by filtration, the solution was evaporated and the solid 
residue was crystallised from aqueous alcohol. The product (15-7 g., 89°) had m. p. 152 
155° and [a]?? + 54° (c, 1-0). 

A solution of the ester (10 g.) in ethyl alcohol (150 c.c.) and aqueous sodium hydroxide 
(10N; 30 c.c.) was left at room temperature for 30 minutes. The ester, which was not 
completely soluble in the mixture, went into solution as hydrolysis took place. Acidification 
to Congo-red gave the acid (7 g., 7494; from methanol), m. p. between 65° and 85° with gas 
evolution, [a]j) -}-70° (c, 1-0) (Found, in material dried at 110°/5 mm.: I, 45-0. Calc. for 
C,sH,,0O,NI,: I, 44-99,). Woolley (J. Biol. Chem., 1946, 164, 11) gives m. p. 84—-90° but the 
specific rotation is not quoted. 

N-Acetyl-3 : 5-di-iodo-4-methoxy-pL-phenylalanine Ethyl LE: ster.—Sodium (0-35 g.) was dissolved 
in anhydrous ethanol (20 c.c.), N-acetyl-3 : 5-di-iodo-pi-tyrosine ethyl ester (5 g.) was added 
followed by methyl iodide (1 c.c.) and the mixture was boiled under reflux for 2 hours. Most 
of the alcohol was distilled off, water was added, and the mixture was left overnight in the 
refrigerator. The gummy solid was filtered off and crystallised from aqueous alcohol, giving 
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the methyl ether (4-0 g., 789%), m. p. 127—129° (Found : N, 2-6; I, 49-2. C,,H,,O,NI, requires 
N, 2:7; I, 49-0%). 

Hydrolysis of the ester (3:25 g.) in ethanol (50 c.c.) and 40° sodium hydroxide (10 c.c.) 
until a portion gave no precipitate on dilution with water (about 1 hour) yielded the acetamido- 
acid (2-6 g.; 85%), m. p. 215—218° (from aqueous alcohol) (Found: N, 2-8; I, 51-8. 
C,.H,,0,NI, requires N, 2-9; I, 51-9%). 

N-A cetyl-4-butoxy-3 : 5-di-iodo-pL-phenylalanine.—(a) The method described by Woolley 
(/oc. cit.) for the L-isomer gave the required ether (58% yield), m. p. 160—163° (from aqueous 
alcohol) (Found: N, 2-7; I, 47-2. C,,;H,O,NI, requires N, 2-6; I, 47-8%). 

(b) N-Acetyl-3 ; 5-di-iodo-pL-tyrosine ethyl ester in alcoholic sodium ethoxide was treated 
with butyl bromide as described for the methyl ether. The crude product, in chloroform 
solution, was washed with aqueous sodium carbonate to remove some phenolic material. 
Evaporation of the chloroform solution and crystallisation of the residue from aqueous alcohol 
gave N-acetyl-4-butoxry-3 : 5-di-iodo-p.-phenylalanine ethyl ester, m. p. 98—100° (Found: N, 
2-55; 1, 45-0. C,,H,,;0,NI, requires N, 2-5; I, 45:4%). 

The free acid, obtained in 51% overall yield by hydrolysis with cold 6% alcoholic sodium 
hydroxide, melted at 160—161°. 

N-Acetyl-3 : 5-di-iodo-4-p-nitrobenzyloxy-DL-phenylalanine.—A solution of N-acetyl-3 : 5-di- 
iodo-pL-tyrosine (11-9 g.) in N-sodium hydroxide (55 c.c.) was heated on the steam-bath and 
stirred vigorously while p-nitrobenzyl chloride (4-25 g.) was added in portions during about 
5 minutes. The mixture was heated and stirred for 2 hours and then left overnight in the 
refrigerator. The sodium salt was filtered off and washed with a little cold water. It was 
dissolved in water (375 c.c.) and the solution was extracted with ether. Acidification of the 
aqueous layer with 2n-hydrochloric acid gave a solid, which was crystallised from aqueous 
acetone. The ether (7-6 g., 50%) melted between 77° and 100° with gas-evolution, resolidified, 
and melted finally at 184—186°. After being dried under reduced pressure at 140° the com- 
pound melted at 182—185° (Found: N, 4:5; I, 41:2. C,,H,,O,N,I, requires N, 4-6; I, 41-6%). 

4-Benzyloxy-3 : 5-di-iodobenzoic Acid (II; R = CO,H).—Sodium (0-12 g.) was dissolved in 
anhydrous ethanol (10 c.c.), methyl 4-hydroxy-3 : 5-di-iodobenzoate (2 g.) was added, and 
the mixture was boiled under reflux on the water-bath until all the solid dissolved. Benzyl 
chloride (0-63 c.c.) was added portionwise to the boiling solution which was then boiled for a 
further 2 hours. Sodium hydroxide solution (10N; 10 c.c.) was added and the mixture boiled 
under reflux for 3 hours. The alcohol was distilled off, water added to the residue, and the 
solution extracted with ether. Acidification, etc., gave the acid (1:0 g.; 42%), m. p. 227— 
229° (from aqueous methanol; charcoal) (Frieden and Winzler, loc. cit., give m. p. 227—228°). 

2-Benzyloxy-3 : 5-di-iodobenzoic Acid (III).—To a boiling solution of 2-hydroxy-3: 5-di- 
iodobenzoic acid (Org. Synth., Coll. Vol. II, p. 343) (11-7 g.) and potassium hydroxide (3°36 g.) 
in 50° aqueous ethanol (80 c.c.), benzyl chloride (22-8 g.) was added dropwise. Refluxing was 
continued for 2 hours and the solvent was then removed on the water-bath. Potassium 
hydroxide (20 g.) and ethanol (50 c.c.) were added to the oily residue and the mixture was 
refluxed for 3 hours. The ethanol was then removed and water added to the residue which was 
extracted with ether. The aqueous layer contained an insoluble oil, which dissolved on 
warming. The warm aqueous solution was then acidified to Congo-red with concentrated 
hydrochloric acid and the resulting solid was crystallised from benzene. The acid (6-85 g., 48%) 
melted at 149—153° (Found: C, 34:8; H, 2:3; I, 53-5. C,,H,,O,I, requires C, 35-0; H, 2-1; 
I, 52:9%). 

4-Benzyloxy-3 : 5-di-iodophenylacetic Acid (II; R = CH,*CO,H).—4-Hydroxy-3 : 5-di-iodo- 
phenylacetic acid (Papa et al., J. Amer. Chem. Soc., 1950, 72, 2619) (4-04 g.), in aqueous- 
alcoholic potassium hydroxide was treated with benzyl chloride as in the foregoing preparation. 
After crystallisation from aqueous alcohol, 4-benzyloxy-3 : 5-di-iodophenylacetic acid (3-25 g., 
66%) melted at 196—197-5° (Found: C, 36-5; H, 2-75; I, 51-5. C,,;H,,0,I, requires C, 36-5; 
H, 2:45; I, 51-4%). 

8-(4-Benzyloxy-3 : 5-di-iodophenyl) propionic Acid (Il; R = CH,°CH,°CO,H).—-(4-Hydr- 
oxy-3 : 5-di-iodophenyl)propionic acid (J., 1950, 2824) (4-18 g.) in aqueous-alcoholic potassium 
hydroxide was benzylated in the usual way. After crystallisation from ethanol the ether 
(2-8 g., 55°) melted at 162—164° (Found: I, 49-4. C,,H,,O,I, requires I, 50-0°%). 

8-(3 : 5-Di-iodo-4-methoxyphenyl) propionic Acid.—A mixture of $-(4-hydroxy-3 : 5-di-iodo- 
phenyl)propionic acid (6 g.), methyl iodide (6-6 c.c.), potassium hydroxide (4-1 g.), water 
(5 c.c.), and methanol (100 c.c.) was left overnight at room temperature and then boiled under 
reflux for 150 minutes. Aqueous sodium hydroxide (40°, ; 50 c.c.) was added and the mixture 
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refluxed for 2 hours more. The methanol was distilled off, the residual sodium salt dissolved in 
water, and the solution acidified with concentrated hydrochloric acid. The resulting oil 
solidified on standing. Crystallisation, first from aqueous alcohol, then from light petroleum 
(b. p. 80—100°), gave the ether (2-5 g., 40%), m. p. 116—119° (Found: C, 27-9; H, 2-0. 
C49H jpOsI, requires C, 27-8; H, 23%). 

Ethyl 4-Benzyloxy-3 : 5-di-iodocinnamate (Il; R = CH‘CH’CO,Et).—Methy] 4-hydroxy-3 : 5- 
di-iodocinnamate (Paal and Mohr, Ber., 1896, 29, 2302) had m. p. 169—-171°, whereas these 
authors quote m. p. 107° (Found: I, 59-5. Calc. for CygH,O,I,: I, 59-0%). Sodium (0-5 g.) 
was dissolved in ethanol (40 c.c.), methyl 4-hydroxy-3 : 5-di-iodocinnamate (6-1 g.) was added 
and the mixture was boiled under reflux while benzyl chloride (5-24 c.c.) was added dropwise 
and then for 3 hours more. The alcohol was distilled off, water added to the residue, and the 
solid was crystallised from methanol (charcoal), giving the ethyl ester (3-2 g., 42%), m. p. 131— 
133°. 

The compound was shown to be the ethyl ester by comparison with the authentic methyl 
ester prepared as described below and with an authentic specimen of the ethyl ester prepared 
by Fischer-Speier esterification of the free acid. The specimen so obtained melted at 133 
134° (Found: C, 40-7; H, 3-1; I, 47-8. CC, 3H,,O I, requires C, 40-5; H, 3-0; I, 47-5%). 

The free acid obtained by hydrolysis of the ethyl ester with alcoholic sodium hydroxide 
melted at 235—237° after crystallisation from ethyl acetate (Found: C, 37-9; H, 2°35; I, 50-4. 
C,gH,,0,1, requires C, 38-0; H, 2-4; I, 50-15%). 

Methyl 4-Benzyloxy-3 : 5-di-iodocinnamate (Il; R = CH:CH*CO,Me).—Methyl 4-hydroxy- 
3: 5-di-iodocinnamate (1 g.), anhydrous potassium carbonate (0-7 g.), benzy! chloride (0-4 c.c.), 
and ethyl methyl ketone (10 c.c.) were boiled under reflux for 3 hours. After removal of 
potassium chloride and solvent, the residue crystallised from methanol (charcoal). The methyl 
ester (0:23 g., 19%) had m. p. 122—124° (Found: C, 39:2; H, 2-6; I, 48-2. C,,H,,0,I, 
requires C, 39-25; H, 2-7; I, 48-8%). 

3: 5-Di-iodo-4-methoxycinnamic Acid.—-This was prepared from the phenol by the method 
used for the propionic acid. The methyl ether, obtained in 32% yield, melted at 202—204 
after crystallisation from chloroform (Wheeler and Johns, Amer. Chem. J., 1910, 48, 11, give 
m. p. 202—203°). 

4-Benzyloxy-3 : 5-di-iodobenzenesulphonic Acid (11; R = SO,H).—Benzyl chloride (13:7 c.c.) 
was added dropwise to a boiling solution of sodium 4-hydroxy-3 : 5-di-iodobenzenesulphonate 
(Kehrmann, J. py. Chem., 1888, 37, 9) (8-64 g.) and sodium hydroxide (0-8 g.) in alcohol (20 c.c.) 
and water (20 c.c.). The mixture was then refluxed for 3 hours more and the alcohol distilled 
oft. The residue was diluted with water and extracted with ether. On concentration of the 
aqueous layer and cooling, the sulphonic acid (5-4 g., 52%) separated in needles; it decomposed 
gradually on heating, with loss of iodine (Found: C, 29:6; H, 2:4; S, 61; I, 47-4. 
C,3H,,0,1,5,H,O requires C, 29:2; H, 2-3; S, 6-0; I, 47-5%). 

The acid (2-9 g.), phosphorus pentachloride (3-5 g.), and xylene (30 c.c.) were heated together 
on the water-bath for 90 minutes. The xylene was removed under reduced pressure and the 
oily residue dissolved in acetone (40 c.c.), a little insoluble material being filtered off. The 
solution was then poured into ammonia solution (d 0-88; 75 c.c.), and after 1 hour in the 
refrigerator the solid was filtered off and washed with water. Crystallisation from benzene 
(charcoal) gave the sulphonamide (1-1 g., 39%), m. p. 205—206° (Found: N, 2-7; I, 50-0; S, 
5-7. C,3H,,0O,NI,S requires N, 2:7; I, 49:3; S, 6-2%). 

Attempts to prepare the sulphonyl chloride by means of thionyl chloride led only to 
unchanged starting material, while chlorosulphonic acid gave materials which could not be 
purified. 

Ethyl 2-(4-Benzyloxy-3 : 5-di-iodophenyljethyicarbamate (Il; R = CH,*CH,*NH°CO,Et).— 
6-(4-Benzyloxy-3 : 5-di-iodophenyl)propionic acid (6-48 g.) and thionyl chloride (24 c.c.) were 
boiled under reflux for 1 hour. The excess of thionyl chloride was removed under reduced 
pressure and the residual crude acid chloride, which solidified, was dissolved in acetone (36 c.c.) 
and stirred vigorously while a solution of sodium azide (0-78 g.) in water (6 c.c.) was added. 
After a further 15 minutes, the solution was cooled in an ice-bath, and the azide was precipitated 
by the addition of water (120 ¢.c.). The azide was extracted into ether and the extract was 
treated briefly with calcium chloride and added to anhydrous ethanol (120 ¢.c.). The ether 
was removed by distillation and the alcoholic solution boiled under reflux until evolution of 
nitrogen ceased. The solution was evaporated to dryness on the steam-bath and the residual 
gum was chromatographed in benzene on alumina. ‘The first benzene eluate gave 1-98 g. of oil 
which, after chromatography on a second column, followed by crystallisation from light 
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petroleum (b. p. 60—80°), gave 0-4 g. of the carbamate, m. p. 96—97°. Subsequent benzene 
eluates from the first column yielded a further 1-87 g. of material which, after crystallisation 
from light petroleum, gave 1-31 g. of the carbamate, m. p. 96—97°. Recrystallisation of the 
combined solids (1:7 g., 24%) did not affect the m. p. (Found: N, 2-5; I, 46-1. C,gH,O,NI, 
requires N, 2-5; I, 46-0%). 

2-(4-Benzoyloxy-3 : 5-di-iodophenyl)ethylamine Hydrochloride (Il; R = CH,yCH,*NH,,HC)). 
The crude unchromatographed carbamate (1-88 g., from 2-16 g. of acid) was boiled under reflux 
for 16 hours with sodium hydroxide (5 g.) in water (5 c.c.) and ethanol (20 c.c.). Addition of 
water precipitated an oil which was extracted into chloroform. ‘The extract was dried (CaCl,) 
and evaporated. The residual brown gum was extracted with boiling 0-25Nn-hydrochloric 
acid (4 x 80 c.c.). Overnight, these extracts deposited a solid, which, after crystallisation 
from alcohol, gave the amine hydrochloride (0-31 g., 14%), m. p. 213—214° (Found: C, 34:8; 
H, 3-4; N, 2-6. C,;H,;ONI,,HCI requires C, 35-0; H, 3-1; N, 2-7%). 

Hydrolysis of the pure carbamate gave the same material in 49% yield. 

The amine hydrochloride was also obtained in 17% yield (based on the propionic acid) by 
decomposition of the azide in boiling benzene and hydrolysis of the resulting crude tsocyanate 
as described for hydrolysis of the carbamate. 

4-Benzoyloxybenzyl Bromide.—p-Tolyl benzoate (10-5 g., 1 mol.), N-bromosuccinimide (8-9 g., 
1 mol.), carbon tetrachloride (50 c.c.), and benzoyl peroxide (0-05 g.) were heated under reflux 
for 2 hours. After cooling, the solid was filtered off and washed with carbon tetrachloride. 
The combined filtrate and washings were evaporated to dryness on the water-bath, leaving an 
oil (12-9 g.) which solidified (m. p. 102—106°). After crystallisation from light petroleum 
(b. p. 60—80°) it (10-9 g., 76%) melted at 108—111° (Raiford and Milbery, J. Amer. Chem. Soc., 
1934, 56, 2727, give m. p. 109—110°). 

Methyl 4-(4-Benzoyloxybenzyloxy)-3 : 5-di-iodobenzoate (IV; R = Bz, R’ = CO,Me, X = H).— 
Methyl 4-hydroxy-3 : 5-di-iodobenzoate (4:04 g.), 4-benzoyloxybenzyl bromide (4°38 g.), 
anhydrous potassium carbonate (4:14 g.), and ethyl methyl ketone (60 c.c.) were boiled under 
reflux for 3 hours. ‘The solid was filtered off and washed with a little hot ethyl methyl ketone, 
and the combined filtrate and washings were concentrated to about 20 c.c. and allowed to cool. 
The resulting solid was filtered off and washed with a little ethyl methyl ketone. After 
crystallisation from ethyl] alcohol, the ether (5-3 g., 86°) melted at 138—140° (Found: C, 42-8; 
H, 2-8; I, 41-2. C,.H,,O,I, requires C, 43-0; H, 2-6; I, 41-3%). 

N-A cetyl-4-(4-benzoyloxybenzyloxy)-3 : 5-di-iodo-_-phenylalanine Ethyl Ester [IV; R = Bz, 
R’ = CH,*CH(NHAc):CO,Et, X = H].—N-Acetyl-3 : 5-di-iodo-L-tyrosine ethyl ester (2-51 g.), 
as in the foregoing experiment, yielded the ether (3-03 g., 859%), m. p. 195—196°, [a]? + 22-2° 
(c, 0-4 in EtOH-CHCI,, 1: 1 by vol.) (Found: C, 45-7; H, 3-6; N, 1:8; I, 36-1. C,,H,,O,NI, 
requires C, 45-45; H, 3:5; N, 2-0; I, 35-6%). 

4-Acetoxybenzyl Bromide.—p-Tolyl acetate (7-5 g.), N-bromosuccinimide (8-9 g.), benzoyl 
peroxide (0-05 g.), and carbon tetrachloride (50 c.c.) gave, as above, the bromide (5-75 g., 50%) 
melting at 49—55° [from light petroleum (b. p. 60—80°)] (Found: C, 47-8; H, 4:4; Br, 34-7. 
C,H,O,Br requires C, 47-2; H, 4:0; Br, 34:9%). Recrystallisation gave material melting at 
53—56°, but this decomposed whilst being dried in a vacuum-desiccator at room temperature. 
The material was used with the smallest possible delay. 

Methyl 4-(4-A cetoxybenzyloxy)-3 : 5-di-iodobenzoate (IV; R = Ac, R’ = CO,Me, X = H).— 
Methyl 4-hydroxy-3 : 5-di-iodobenzoate (2-02 g.), 4-acetoxybenzyl bromide (1-72 g.), anhydrous 
potassium carbonate (2:07 g.) and ethyl methyl ketone (30 c.c.) were heated under reflux for 
3 hours. The ether (2-4 g., 87%; from ethyl alcohol) melted at 103—105° (Found: C, 36-5; 
H, 2-6; I, 45-7. C,,H,,0;I, requires C, 37-0; H, 2-55; I, 46-0%). 

N-Acetyl-3 : 5-di-iodo-L-tyrosine ethyl ester similarly gave 4-(4-acetoxybenzyloxy)-N-acetyl- 
3: 5-di-iodo-L-phenylalanine ethyl ester [IV; R= Ac, R’ = CH,*CH(NHAc)-CO,Et, X = H] 
(4-6 g., 84%), m. p. 187—-189° (from ethyl alcohol) (Found: N, 2-1; I, 39:2. C,.H,.;0,NI, 
requires N, 2:15; I, 39-0%). 

3: 5-Dinitro-4-phenoxybenzoic Acid (V; Ar = Ph, R = H).—4-Chloro-3 : 5-dinitrobenzoic 
acid (26 g.), phenol (37-6 g.), potassium carbonate (13-8 g.), and water (40 c.c.) were heated at 
140—150° for 1 hour, then poured into an excess of 2N-hydrochloric acid; the precipitated solid 
was filtered off, washed with water, dried, and crystallised from alcohol. The diphenyl ether 
(22-7 g., 71%) melted at 219—222° (Found: N, 9-0. C,,H,O,N, requires N, 9-2%). 

3: 5-Diamino-4-phenoxybenzoic Acid (VI; Ar = Ph, R = H).—A suspension of 3: 5-di- 
nitro-4-phenoxybenzoic acid (21-5 g.) in anhydrous ethanol (210 c.c.) was hydrogenated at 
atmospheric temperature and pressure over palladised charcoal (4-2 g.) in 14 hours. The 


Thyroxine and Related Substances. Part XII. 773 


774 Barnes, Elks, Stephens, and Waller: The Synthesis of 


catalyst was then filtered off and the filtrate concentrated to small bulk, under carbon dioxide. 
The diamine (6-0 g.) crystallised overnight. A further quantity (4-9 g.) was obtained by 
extraction of the catalyst with alcohol. By concentration of the combined mother-liquors 
from both crops, the yield was brought to 14-0 g. (81%). Recrystallisation from ethyl alcohol 
gave material melting at 229--231° (Found: N, 11-6. C,,;H,,0,N, requires N, 11-5%). 

3: 5-Di-iodo-4-phenoxybenzoic Acid (VII; Ar = Ph, R = H).—Sodium nitrite (1-94 g.) was 
dissolved in concentrated sulphuric acid (25 c.c.) and the solution was stirred, and kept at 
0—2°, whilst a solution of 3 : 5-diamino-4-phenoxybenzoic acid (2-58 g.) in acetic acid (50 c.c.) 
and concentrated sulphuric acid (25 c.c.) was added dropwise. The mixture was then stirred 
for a further hour at about 0°. The tetrazonium solution was added, from a cooled dropping 
funnel during about 30 minutes, to a stirred solution of iodine (7-45 g.) and sodium iodide 
(14-9 g.) in water (150 c.c.). The mixture was stirred for a further hour and set aside overnight. 
The solid was filtered off and washed with water. Excess of iodine was removed by shaking an 
aqueous suspension of the solid with a little sodium metabisulphite. The di-iodo-compound 
was washed with water, dried, and crystallised twice from benzene (charcoal), giving needles 
(3:46 g., 70%), m. p. 230—232° (Found: C, 33:3; H, 2-0; I, 54-9. C,,;H,O,I, requires C, 33-5; 
HM, 27: FT, 64-5°%,). 

The methyl ester, prepared by methanolic hydrogen chloride, had m. p. 148—149° (from 
methanol) (Found: C, 35:0; H, 2:0. C,gH,9O,I, requires C, 35-0; H, 2-1%). The n-butyl 
ester, prepared similarly, melted at 95—97° (from methanol) (Found: C, 39-3; H, 3:1. 
C,,H,,O31, requires C, 39:1; H, 3-1%). 

2-Dimethylaminoethyl 3 : 5-Di-iodo-4-phenoxybenzoate (VIL; Ar = Ph, R = CH,°CH,*NMe,). 

3: 5-Di-iodo-4-phenoxybenzoic acid (4 g.) and thionyl chloride (8 c.c.) were boiled together 
under reflux for 1 hour. Excess of thionyl chloride was distilled off, finally with benzene. The 
residue solidified and crystallised from light petroleum (b. p. 40—60°) as needles (1-78 g., 43%), 
m. p. 100—103°. 

This acid chloride (1:5 g.) was treated in benzene (10 c.c.) with dimethylaminoethanol 
(0-63 c.c.) and the mixture boiled under reflux for 1 hour. The solution was extracted with 
2n-sodium carbonate, the benzene layer dried (Na,SO,), the solvent removed, and the residue 
crystallised from light petroleum (b. p. 60—80°) (charcoal). The ester (0-9 g., 54%) melted at 
95—98° (Found: N, 2:35. C,,H,,O,NI, requires N, 2:6%). 

Methyl 4-(3 : 5-Dimethylphenoxy)-3 : 5-dinitrobenzoate (V; Ar == 3: 5-Me,C,H;, R = Me).— 
Methyl 4-chloro-3 : 5-dinitrobenzoate (26-1 g.), 3: 5-dimethylphenol (12-2 g.), ethyl methyl 
ketone (100 c.c.), and anhydrous potassium carbonate (27-7 g.) were heated under reflux for 
2 hours, then filtered, and the residue was thoroughly extracted with hot acetone. The 
combined filtrate and washings yielded on evaporation a reddish semi-solid which was washed 
in chloroform with N-sodium hydroxide and water. Evaporation of the chloroform afforded a 
yellow solid which, after crystallisation from ethanol, gave the ester (25-2 g., 73%), m. p. 142— 
143°. Further crystallisation gave rise to lemon-yellow blades, darkening on exposure to light, 
m. p. 146—148° (Found: C, 55:5; H, 4:3; N, 7-8. C,.H,,O;N, requires C, 55-5; H, 4-1; 
N, 8-1%). 

The acid, obtained by hydrolysis with boiling hydrochloric-acetic acid, crystallised from 
aqueous acetic acid in yellow prisms, m. p. 216—221° (Found: C, 53-8; H, 3-5. C,;H,.0,N, 
requires C, 54-2; H, 3-6%). 

Methyl 3: 5-Diamino-4-(3 : 5-dimethylphenoxy)benzoate (VI; Ar == 3: 5-Me,C,Hs, R = Me). 
The foregoing ester (10 g.) in glacial acetic acid (250 c.c.) was hydrogenated at room 
temperature and 90 atm., in the presence of 6% palladised charcoal (2 g.). After filtration and 
evaporation, the residual pale syrup crystallised and, on recrystallisation from ethanol 
(charcoal), yielded the diamine (5 g., 60%) as almost colourless prisms, m. p. 163-—164° (Found : 
C, 67-0; H, 6-1; N, 9-9. C,,H,,0,N, requires C, 67:1; H, 6-3; N, 9°8%). 

Methyl 4-(3 : 5-Dimethylphenoxy)-3 : 5-di-iodobenzoate (VII; Ar = 3: 5-Me,C,H,, R = Me).— 
Sodium nitrite (2-5 g.) was added gradually with stirring to concentrated sulphuric acid (20 c.c.) 
below 60°; glacial acetic acid (30 c.c.) was then added gradually with cooling. The foregoing 
diamine (4-2 g.) in glacial acetic acid (15 c.c.) was slowly added to concentrated sulphuric acid 
(8 c.c.) with cooling in a stream of water. This solution was added dropwise with stirring during 
45 minutes to the nitrosylsulphuric acid solution. After a further hour’s stirring the tetrazonium 
solution was added to a well-stirred solution of sodium iodide (13-4 g.), iodine (11-3 g.), and urea 
(1 g.) in water (200 c.c.), covering a layer of chloroform (200 c.c.). After 2 hours’ stirring the 
mixture was filtered from free iodine, and the chloroform layer was washed successively with 
sodium metabisulphite solution, sodium hydrogen carbonate solution, and water. On evapor- 
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ation it gave a dark syrup which was poured in the minimum of chloroform on to alumina. 
Elution with more chloroform afforded a pale pink solid. Crystallisation from aqueous acetic 
acid gave the di-iodo-ester (3-0 g., 40%) as almost colourless prisms, m. p. 160—161° (Found : 
C, 38-1; H, 3-0; I, 49-6. C,,H,,O,1, requires C, 37-8; H, 2-8; I, 50-0%). 

The acid was prepared by heating the ester (1-5 g.) in acetic acid (50 c.c.)-concentrated 
hydrochloric acid (20 c.c.) for 2 hours, and when crystallised from aqueous acetic acid and then 
from methyl cyanide, was obtained as almost colourless prisms, m. p. 265° (Found: I, 51-0. 
C,,;H,.0,1, requires I, 51-4%). 

Methyl 4-(3 : 4-Dimethylphenoxy)-3 : 5-dinitrobenzoate (V; Ar = 3: 4-Me,C,gH,, RK = Me).- 
Prepared in the same way as the 3: 5-dimethyl compound in 81% yield, this ester crystallised 
from ethanol in lemon-yellow platelets, m. p. 125—127°, darkening on exposure to light 
(Found: C, 55-4; H, 4:3; N, 7°8%). 

The corresponding acid crystallised from aqueous acetic acid in lemon-yellow needles, m. p. 
235—240° (Found: C, 53-7; H, 3-45%). 

Methyl 3: 5-Diamino-4-(3 : 4-dimethylphenoxy)benzoate (VI; Ar = 3: 4-Me,C,gH;, R = Me). 
—Hydrogenation of the dinitro-compound as described for the 3 : 5-dimethy! analogue afforded 
a 74% yield of the diamine, colourless prisms (from ethanol), m. p. 123—124° (Found: C, 
66°85; H, 6-4; N, 10-2%). 

Methyl 4-(3 : 4-dimethylphenoxy)-3 : 5-di-todobenzoate (VIL; Ar == 3: 4-Me,CgHs, K = Me), 
prepared from the diamine as described for the 3: 5-dimethyl analogue, in 58% yield, and 
crystallised from acetone, had m. p. 165—166° (Found: C, 38-0; H, 2-7; I, 50-3%). The 
acid, obtained as described above, formed prisms, m. p. 267°, from methyl cyanide (Found: C, 
36-8; H, 2-7; I, 51-8. C,;H,.O3I, requires C, 36-5; H, 2-45; I, 51-4%). 

4-8-Naphthoxy-3 : 5-dinitrobenzoic Acid (V; Ar = 2-C,,H;, R = H).—4-Chloro-3 : 5-dinitro- 
benzoic acid (26 g.), 8-naphthol (58 g.), and anhydrous potassium carbonate (13-8 g.) were 
mixed into a paste with water and heated at 140—150° under reflux for 1 hour. After cooling, 
the solid was filtered off and twice extracted with a small volume of ether. Recrystallisation 
of the residue from ethanol afforded the acid (22-6 g., 61%) as yellow prisms, m. p. 258° 
(decomp.) (Found: C, 57:5; H, 2:7; N, 8-0. C,,H,)O,N, requires C, 57-6; H, 2°85; N, 
7-9%). 

3: 5-Di-iodo-4-8-naphthoxybenzoic Acid (VII; Ar = 2-C,)H,, R = H).—The above dinitro- 
compound (10 g.) in glacial acetic acid (250 c.c.) was hydrogenated at 80°/100 atm. for 4 hours 
in the presence of 6% palladised charcoal (1 g.). The liquid was evaporated under reduced 
pressure and the residue extracted with benzene, whence the crude diamine (4:3 g., 52%) was 
precipitated by addition of cyclohexane. A solution of this material in acetic acid (50 c.c.) was 
added at —5° with stirring to sodium nitrite (3 g.) in sulphuric acid (50 c.c.) and acetic acid 
(50 c.c.) and treated with iodine-sodium iodide in the usual way. Evaporation of the 
chloroform solution afforded a gummy product which was poured in acetone on to alumina. 
The product was readily eluted with acetic acid (not acetone). Recrystallisation from aqueous 
acetic acid gave the di-iodo-acid (7-3 g., 50%) as off-white prisms, m. p. 260-—266° (Found: C, 
39-85; H, 2-1; I, 48-6. C,,H, 9031, requires C, 39-6; H, 1-9; I, 49-2%). 

Ethyl 4-(2 : 4-Dinitrophenoxy)benzoate.—This estey was prepared in the usual way from 
1-chloro-2 : 4-dinitrobenzene (61 g.), ethyl p-hydroxybenzoate (50 g.), and anhydrous potassium 
carbonate (83 g.) in ethyl methyl ketone (150 c.c.). Crystallisation from acetic acid gave 
yellow prisms (90 g.; 90%) m. p. 150—152° (Found: C, 54-1; H, 3:8; N, 8-4. C,;H,,0,N, 
requires C, 54:2; H, 3-6; N, 8-4%). 

Ethyl 4-(2: 4-Di-iodophenoxy)benzoate (VIII; KR = Et)..-The foregoing dinitro-compound 
(10 g.) in glacial acetic acid (250 c.c.) was hydrogenated at room temperature and 100 atm. 
pressure in the presence of palladised charcoal (2g.)._ Filtration and evaporation under reduced 
pressure in carbon dioxide, afforded a dark, air-sensitive oil which could not be crystallised. 

This crude material was diazotised and subjected to the Sandmeyer reaction as described 
above for the preparation of methyl 4-(3: 5-dimethylphenoxy)-3 : 5-di-iodobenzoate. The 
di-iodo-ester was obtained from the chromatogram as a straw-coloured oil, which crystallised 
from ethanol as plates (5:5 g., 37%), m. p. 67—68° (Found: C, 36-8; H, 2-5; I, 51-1. 
C,,;H,,0,I, requires C, 36-5; H, 2-4; I, 51-4%). 

The acid, prepared in the usual way, melted at 250° (from acetic acid) (Found: C, 33:3; 
H, 1-8. C,,H,O,I, requires C, 33°56; H, 1-7%). 

N-Acetyl-3 : 5-dinitro-4-phenoxy-.-phenvialanine L:thyl Estey (X; Ar = Ph).—N-Acetyl- 
3: 5-dinitro-L-tyrosine ethyl ester (/., 1949, 3424) (34-1 g.) in acetone (250 c.c.) and N-sodium 
hydroxide (100 c.c.) was treated with toluene-p-sulphonyl chloride (20 g.) in acetone (250 c.c.). 
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The mixture was boiled under reflux for 1 hour, most of the acetone was boiled off, and the 
resulting oil taken up in chloroform. The extract was washed with 2N-sodium carbonate and 
with water, then dried (CaCl,), and the solvent removed under reduced pressure. The crude 
toluene-p-sulphony] ester (42 g., 859%) was obtained as a brownish-yellow gum. 

This was boiled in dry chloroform (100 c.c.) and pyridine (20 c.c.) under reflux for 
30 minutes. Phenol (28-2 g.) was then added and the mixture refluxed for a further hour. 
After cooling, the chloroform solution was washed successively with 2N-hydrochloric acid, 
2n-sodium carbonate, and water, dried (CaCl,), and evaporated. Crystallisation from ethanol 


22 


gave the diphenyl ether (13 g., 37% based on toluenesulphony] ester), m. p. 136—137°, [a]# 
-+44-9° (c, 2-1) (Found: C, 54-8; H, 4:75; N, 9:8. C,,H,,O,N, requires C, 54:7; H, 46; 
N, 10-1%). 

N-Acetyl-3 : 5-diamino-4-phenoxy-L-phenylalanine Ethyl Estey (X1; Ar = Ph).—The fore- 
going dinitro-compound (9 g.) in methanol (200 c.c.) was hydrogenated at room temperature 
and pressure in the presence of 10% palladised charcoal (1-8 g.).. The catalyst and solvent were 
removed, leaving a glass (7-5 g.) which did not crystallise. The material was characterised as 
its diacetyl derivative, m. p. 209—209-5° (from ethanol), [«]#§ +.72-9° (c, 1-1) (Found: C, 62-6; 
H, 6-2; N, 9-6. C,;H,,0,N, requires C, 62:6; H, 6-2; N, 9-5%). 

N-A cetyl-3 : 5-di-iodo-4-phenoxy-L-phenylalanine Ethyl Ester (XII; Ar = Ph).—The above 
diamine (7-5 g.) was treated with nitrosylsulphuric acid and the tetrazonium solution 
decomposed with iodide as described above for the preparation of methyl 4-(3 : 5-dimethyl- 
phenoxy)-3 : 5-di-iodobenzoate. After removal of excess of iodine, the chloroform solution 
was evaporated, to give an amorphous solid (9-7 g., 78% based on dinitro-compound), m. p. 
104—105°. Recrystallisation from cyclohexane, followed by benzene-light petroleum, gave 
the di-iodo-compound as white crystals, m. p. 106—107°, [«]?? +.50-2° (c, 1-6) (Found: N, 2-6; 
I, 43-4. C,,H,,O,NI, requires N, 2-4; I, 43-9%). 

3: 5-Di-iodo-4-phenoxy-pi-phenylalanine (XIII; Ar = Ph).—The above acetamido-ester 
(6-75 g.) was racemised by boiling it in absolute ethanol (70 c.c.) containing sodium (0-45 g.) 
for 90 minutes. After cooling, the mixture was poured on ice and hydrochloric acid, diluted, 
and set aside. The solid which separated was boiled under reflux with acetic acid (35 c.c.)- 
concentrated hydrochloric acid (35 c.c.) for 75 minutes; the mixture was cooled, diluted, and 
partially neutralised, and the crude amino-acid filtered off. Crystallisation from aqueous 
pyridine, then from aqueous acetic acid, gave the amino-acid (4 g., 67%), m. p. 237—238° 
(Found: C, 35-5; H, 2-9; I, 49-5. C,,H,,;0,NI, requires C, 35-4; H, 2°55; I, 49-9%). 

N-Acetyl-4-(3 : 5-dimethylphenoxy)-3 : 5-dinitro-L-phenylalanine Ethyl Estey (X; Ar = 3: 5- 
Me,C,H;).—A solution of crude N-acetyl-3 : 5-dinitro-4-toluene-p-sulphonyloxy-L-phenylalanine 
ethyl ester (31 g.), prepared as already described, in dry pyridine (200 c.c.), was boiled for 
10 minutes under reflux, 3 : 5-dimethylphenol (36-6 g.) was added, and the mixture refluxed for 
l hour. Pyridine (120 c.c.) was then removed by distillation, the residue poured into an excess 
of 2n-hydrochloric acid, and the oil so formed extracted into chloroform. The chloroform 
solution was washed with 2N-hydrochloric acid, 2N-sodium hydroxide, and water. After being 
dried (CaCl,), the chloroform was distilled off and the residual gum (25 g.) triturated with a 
small quantity of ethanol. Crystallisation of the resulting solid from ethanol gave the dinitro- 
compound (22-2 g., 80%), m. p. 1381—132°, [a]? +-43-1° (c, 2-0) (Found: C, 56-1; H, 5-15; N, 
9-4. C,,H,,0,N, requires C, 56:6; H, 5-2; N, 9-4%). 

N-Acetyl-3 : 5-diamino-4-(3 : 5-dimethylphenoxy)-.-phenylalanine Ethyl Estey (XI; Ar = 
3: 5-Me,C,H,).—The preceding dinitro-compound (12 g.) in methanol (300 c.c.) was 
hydrogenated at atmospheric temperature and pressure in the presence of 10% palladised 
charcoal (2-4 g.). After removal of the catalyst, evaporation gave a pale brown gum (10 g.) 
which did not crystallise. The diamine formed a dihydrochloride, m. p. 214—215° (Found : 
N, 9-4; Cl, 15:3. C,,H,,0O,Ns,2HCI requires N, 9:2; Cl, 15-5%), and a diacetyl derivative, m. p. 
207°, [x]} +66-8° (c, 1-0) (Found: C, 63:9; H, 6-7; N, 8-9. C,;H;,0,N,; requires C, 63-9; H, 
6-7; N, 895%). 

N-Acetyl-4-(3 : 5-dimethylphenoxy)-3 : 5-di-iodo-L-phenylalanine Ethyl Ester (XII; Ar 
3: 5-Me,C,H,).—-The above crude diamine (10 g.) was tetrazotised and treated with iodine in 
the usual way. ‘The di-iodo-ester (10-0 g., 61% based on dinitro-compound) was recrystallised 
from ethanol and finally from cyclohexane, forming needles, m. p. 158-5 —159°, [a]}?? +-50-0 
(c, 2-0) (Found: I, 41-6. C,,H,,0O,NI, requires I, 41-8%). 

4-(3 : 5-Dimethylphenoxy)-3 : 5-di-iodo-pi-phenylalanine (XIII; Ar = 3: 5-Me,C,H,).—The 
above compound (8 g.) was racemised and then hydrolysed as described above for the phenoxy- 
compound. After crystallisation from aqueous acetic acid, the amino-acid (7-0 g., 99%) melted 
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at 237—238° (decomp.) (Found: C, 38-2; H, 3-4; I, 46-9. C,,H,,O,NI, requires C, 38-0; H, 
3-2; I, 47-3%). 

N-A cetyl-4-(3 : 4-dimethylphenoxy)-3 : 5-dinttro-L-phenylalanine Ethyl Ester (XN; Ar = 3: 4- 
Me,C,H,).—Crude N-acetyl-3 : 5-dinitro-4-toluene-p-sulphonyloxy-t-phenylalanine ethyl ester 
(30 g.) was treated with 3: 4-dimethylphenol (36-6 g.) and dry pyridine (200 c.c.) and the 
product was isolated as described for the isomeric 3: 5-dimethylphenoxy-compound. The 
diphenyl ether separated from ethanol as pale yellow needles, m. p. 114-5—115-5°, [a«]#? + 44-7 
(c, 1:9) (Found: C, 56-7; H, 5-4; N, 9:4%). 

N-Acetyl-3 : 5-diamino-4-(3 : 4-dimethylphenoxy)-.-phenylalanine Ethyl Ester (XI; Ar: 
3: 4-Me,C,H,).—Hydrogenation of the foregoing dinitro-compound in methanol with palladised 
charcoal gave the crude diamine which was characterised as its diacetyl derivative, m. p. 190° 
(from aqueous acetic acid), [a]?? + 70° (c, 2:1) (Found: C, 63-8; H, 6-5; N, 8-9%), and dihvdro- 
chloride, m. p. 213—214° (decomp.) (Found: Cl, 15-49%). 

N-Acetyl-4-(3 : 4-dimethylphenoxy)-3 : 5-di-iodo-L-phenylalanine Ethyl Ester (XII; Ar 
3: 4-Me,C,H,).—The above diamine gave an 88° yield of the di-todo-compound, m. p. 117— 
118° {from light petroleum (b. p. 80—100°)], [x] +49-5° (c, 1-3) (Found: I, 41-79%). 

4-(3 : 4-Dimethylphenoxy)-3 : 5-di-iodo-pi-phenylalanine (XIII; Ar = 3: 4-Me,C,H;).— 
Racemisation and hydrolysis of the above acetamido-ester as already described gave the amino- 
acid (68%), m. p. 234—235° (from acetic acid) (Found: C, 37-8; H, 3-5; I, 46-7%). 

N-Acetyl-3 : 5-dinitro-4-toluene-p-sulphonyloxy-pi-phenylalanine Ethyl Ester (1X).—This 
compound was prepared from N-acetyl-3 : 5-dinitro-pL-tyrosine ethyl ester (J., 1951, 2467) 
(22 g.) as for the t-compound. It (yield, 56%) separated readily from chloroform as pale yellow 
needles, m. p. 157—158° (Found: C, 48-7; H, 4:4; N, 83. CyggH,,O9N35 requires C, 48-5; 
H, 4:2; N, 85%). 

N-Acetyl-4-(5-ethyl-3-methylphenoxy)-3 : 5-dinitro-pi-phenylalanine Ethyl Ester (X; Ar = 
3:5: 1-MeEtC,H,).—The above toluene-p-sulphonyl ester (16-5 g.) was heated on the steam- 
bath with dry pyridine (80 c.c.) for 20 minutes. Removal of excess of pyridine in vacuo gave 
a gum which was boiled under reflux with 3-ethyl-5-methylphenol (14 g.) in chloroform (100 c.c.) 
and pyridine (10 c.c.) for 2 hours. The chloroform solution was washed successively with 2Nn- 
hydrochloric acid, 2N-sodium hydroxide, and water, dried (CaCl,), and evaporated and the 
residue crystallised from ethanol. The diphenyl ether (4:25 g., 28%) melted at 118—119° 
(Found: C, 57:4; H, 56; N, 9-0. C,.H,,0O,N, requires C, 57-5; H, 5:5; N, 9-15%). 

4-(5-Ethyl-3-methylphenoxy)-3 : 5-di-iodo-pi-phenylalanine (XIII; Ar = 3: 5: 1-MeEtC,H,). 
—The above dinitro-compound (4-25 g.) in methanol (100 c.c.) was reduced with hydrogen in 
the presence of 10° palladised charcoal (1 g.), and the crude diamine tetrazotised and converted 
into the 3: 5-di-iodo-compound as above. Hydrolysis of the product with acetic acid— 
hydrochloric acid gave the amino-acid (1-7 g., 33°4), m. p. 226—227° (from acetic acid) (Found : 
C, 39:1; H, 3-2; N, 2:3; I, 46-0. C,,H,,O,NI, requires C, 39-2; H, 3-45; N, 2-5; I, 46-1%). 
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159. Steroids. Part VII.* Reactions of 22: 23-Dibromo-7é : 11«- 
dihydroxyergost-8-en-38-yl Acetate. 


By RicHARD BupziAREK, J. C. HAMLET, and IF. S. SPRING. 


The dibromide named in the title has been converted into 22: 23- 
dibromo-8« : 9x-epoxy-7@ : 1la-dihydroxyergostan-3$-yl acetate (III) and 
thence into 22: 23-dibromo-8« : 9x-epoxy-7 : 11-diketoergostan-38-yl acetate 
(VIII) and 22: 23-dibromo-9€ : 1la-dihydroxy-7-ketoergostan-38-yl acetate 
(X). The behaviour of the last compound with alkali has been examined. 
With dilute alkali simple hydrolysis of the 38-acetoxy-group occurs, but, 
with stronger alkali, dehydration also occurs with formation of 22: 23- 
dibromo-38 : 1l«-dihydroxyergost-8-en-7-one (XVI). 


TREATMENT of ergosteryl-D acetate 22 : 23-dibromide with one molar proportion of per- 
benzoic acid gives 22 : 23-dibromo-9« : 1la-epoxyergost-7-en-38-yl acetate, which with 
sulphuric acid under defined conditions gives 22 : 23-dibromo-7€ : 11a-dihydroxyergost-s- 
en-36-yl acetate (I) (Budziarek, Johnson, and Spring, J., 1952, 3410). The present papet 
describes some reactions of the triol monoacetate (I). 

Oxidation of (I) with perbenzoic acid gives, in excellent yield, 22 : 23-dibromo-8« : 9a- 
epoxy-7— : 1la-dihydroxyergostan-38-yl acetate (III) debromination of which with zinc 
dust in ether-methanol gives the known 8a : 9a-epoxy-7€ : 1la-dihydroxyergost-22-en- 
38-yl acetate (VI) (Heusser, Anliker, Eichenberger, and Jeger, Helv. Chim. Acta, 1952, 35, 
936). The dibromide (III) was further characterised by acetylation to 38:7: ll«- 
triacetoxy-22 : 23-dibromo-8« : 9a-epoxyergostane (IV), debromination of which gave the 
known 38: 7€: lla-triacetoxy-8« : 9x-epoxyergost-22-ene (VII) (Heusser et al., loc. cit.; 
Budziarek, Johnson, and Spring, /oc. cit.), and by alkaline hydrolysis to 22 : 23-dibromo- 
8a : 9x-epoxyergostane-38 : 76: 1la-triol (II), debromination of which gives 8a : 9«- 
epoxyergost-22-ene-38 : 7: 1la-triol(V). Chromic acid oxidises the 22 : 23-dibromo- 
monoacetate (III) to 22: 23-dibromo-8z : 9«-epoxy-7 : 11-diketoergostan-38-yl acetate 
(VIII), previously obtained similarly from 22 : 23-dibromo-7é : 11«-dihydroxyergost-8-en- 
38-yl acetate (I) (Budziarek et al., loc. cit.). 

Aqueous hydrogen bromide in acetic acid (cf. Heusser e¢ al., loc. cit.) converts the 
saturated dibromo-acetate epoxide (III) into 22 : 23-dibromo-9€ : 11a-dihydroxyergostan-7- 
one (X), debromination of which gives 9€ : 11«-dihydroxy-7-ketoergost-22-en-38-yl acetate 
(XIII), also obtained by Anderson, Budziarek, Newbold, Stevenson, and Spring (Chem. 
and Ind., 1951, 1035) on treatment of 9 : 1lx-epoxyergosta-7 : 22-dien-3-yl acetate 
successively with one mol. of bromine, excess of perbenzoic acid, and zinc and acetic acid. 
Budziarek, Newbold, Stevenson, and Spring (/., 1952, 2892) ascribed the 8-orientation to 
the 9-hydroxy] group in (XIII), the two hydroxyl groups being considered as ¢rans-orientated 
with respect to each other “‘ since they almost certainly originate by a hydrolytic cleavage 
of a 9a: 1la-oxide intermediate.”” This argument does not now appear satisfactory since 
the instability of 9a: 1la-epoxyergosta-7 : 22-dien-38-yl acetate and of 22 : 23-dibromo- 
9a : 1la-epoxyergost-7-en-38-yl acetate to traces of mineral acid results in the addition of 
bromine being accompanied by hydrolytic rearrangement to give, in part, 22 : 23-dibromo- 
7& : Lla-dihydroxyergost-8-en-38-yl acetate (Budziarek, Johnson, and Spring, Joc. cit.) 
which may thus be the precursor of 3-acetoxy-9€ : 11a-dihydroxyergost-22-en-7-one 
in the reaction sequence described by Budziarek, Newbold, e¢ al. (loc. cit.) (cf. Heusser 
et al., loc. cit.). This view was strengthened when 9 : 11a-dihydroxy-7-ketoergost-22-en- 
38-yl acetate (XIII) was obtained in high yield from 22 : 23-dibromo-82 : 9a-epoxy- 
7& : Lla-dihydroxyergostan-38-yl acetate (III) by means of zinc and acetic acid. There is 
therefore no valid reason for assuming the $-configuration for the C,.-hydroxyl group in 
(XIII) and its derivatives. 

22 : 23-Dibromo-9€ : 11 -dihydroxy-7-ketoergostan-3-yl acetate (X) was characterised 
by alkaline hydrolysis to the 3 : 9: 11a-triol (TX) and as the 33 : 1l«-diacetate (XJ), 
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which were debrominated to the respective 22-unsaturated compounds (XII) and (XIV); 

the last compound has been obtained by a different route by Budziarek, Newbold, et al. 
(loc. ctt.). 

Although 22 : 23-dibromo-9z : 11«-dihydroxy-7-ketoergostan-38-yl acetate is hydrolysed 

C,H,,bBr . C,H,,Br, 
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(IX) R = C,H,,Br,, R’ = R” = (XV) R = Ac 
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(XI) R = C,H,,Br;, R’ = R” 
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by 1° alcoholic potassium hydroxide to the 36 : 9€: lla-triol (IX), treatment with 10%, 
methanolic potassium hydroxide gives 22 : 23-dibromo-38 : 11a-dihydroxyergost-8-en-7-one 
(XVI), which is also obtained by treatment of 22 ; 23-dibromo-38 : 9& : 1la-trihydroxy- 
ergostan-7-one (IX) with 10% alkali. 


EXPERIMENTAL 

M. p.s are corrected. Specific rotations were determined in chloroform solution in a 1-dm. 
tube at 18—20°. Ultra-violet absorption spectra were measured in absolute ethanol solution 
with a Unicam SP. 500 spectrophotometer. 

22 : 23-Dibromo-8x : 9a-epoxy-7& : lla-dihydroxyergostan-38-yl Acetate—A solution of per- 
benzoic acid in chloroform (5%; 1-1 mol.) was added slowly with stirring at 0° to a suspension 
of 22 : 23-dibromo-7€ : 1la-dihydroxyergost-8-en-36-yl acetate (15 g.) in chloroform (150 c.c.), 
and the mixture kept at room temperature for 4 hours; dissolution was then complete. The 
mixture was washed with water, sodium hydrogen carbonate solution, and water, dried (MgSO,) 
and evaporated under reduced pressure. ‘Two crystallisations from acetone gave 22: 23- 
dibromo-8x : 9x-epoxy-7% : lla-dihydroxyergostan-33-vl acetate (12 g.) as needles, m. p. 245— 
246°, [a]p +16°, +15° (c, 2-0, 1-6) (Found: C, 55:3; H, 7-7. Cy9H,,0;Br, requires C, 55-6; 
H, 7-5%). 

38: 76: lla-Tviacetoxy-22 : 23-dibromo-8a : 9u-epoxyergostane.— 22 : 23-Dibromo- 8x : 9a- 
epoxy-7& : 1lx-dihydroxyergostan-38-yl acetate (700 mg.) was heated in pyridine (5 c.c.) and 
acetic anhydride (5c.c.) on the steam-bath for 3hours. The triacetate, isolated by means of ether, 
separated from methanol-chloroform as prismatic needles (740 mg.), m. p. (after three cryst- 
allisations) 220—221°, [a]p +4°, +4° (c, 1-0, 4:0) (Found: C, 55-4; H, 7-3. (C3,H;,0,Br, 
requires C, 55:7; H, 7-2%). 

30: 7€: lla-Triacetoxy-8« : 9x-epoxyergost-22-ene.—A solution of 36: 72 - ll«-triacetoxy- 
22 : 23-dibromo-8 : 9x-epoxyergostane (400 mg.) in ether-methanol (1:1; 100 c.c.) was 
retluxed with zinc dust (4 g.) added portionwise during 3 hours. Filtration and concentration 


780 Budziarek, Hamlet, and Spring : 


gave prisms (300 mg.), m. p. 160—162°. Two recrystallisations from methanol gave 
38 : 76: 1la-triacetoxy-8x : 9x-epoxyergost-22-ene as prisms, m. p. 165—166°, [«]p +3° (c, 3-0) 
(Found: C, 71:6; H, 9-3. Calc. for C,,H,,0,: C, 71:3; H, 9:15%). Heusser, Anliker, 
Eichenberger, and Jeger (/oc. cit.) give m. p. 158—159°, [a]p + 6°. 

8a : 9a-Epoxy-7E : 1la-dihydroxyergost-22-en-38-yl Acetate—A solution of 22: 23-dibromo- 
8a: 9a-epoxy-7é : 1la-dihydroxyergostan-38-yl acetate (500 mg.) in ether—-methanol (1:1; 100c.c.) 
was similarly reduced with zinc. Addition of a few drops of water to the concentrated filtrate 
gave the product (340 mg.), which after four recrystallisations from aqueous methanol formed 
needles, m. p. 130—131° (unchanged after prolonged drying at 100°/10°* mm.), [«]) +19°, 

118° (c 1:3, 1-2) (Found: C, 735; H, 10-0. Calc. for C59H,,0,;: C, 73-7; H, 9-9%). 
Heusser et al. (loc. cit.) give m. p. 147—148°, [a]p + 16°. 

Pyridine—acetic anhydride converted the triol monoacetate into the triacetate, m. p. and 
mixed m. p. 164-5—166°, [a]p +-2° (c, 2-9). 

22 : 23-Dibromo-8a : 9x-epoxyergostane-38 : 76: Ula-triol.—(a) 22: 23-Dibromo-8« : 9x- 
epoxy-7& : 1la-dihydroxyergostan-38-yl acetate (700 mg.) in methanolic potassium hydroxide 
(2%; 50c.c.) was heated under reflux for 2hours. The solution was diluted with water, and the 
solid collected (very svaringly soluble in ether), and washed with water until the filtrate was 
neutral to litmus. After drying, the triol crystallised from acetone as needles (550 mg.), m. p. 
235—237°, raised by two further crystallisations from acetone to 241—242°, [a], +29° (c, 0-5) 
(Found: C, 55:7; H, 7:75. C,g3H,,O,Br, requires C, 55-45; H, 7-65%). 

(b) 38: 76: 1la-Triacetoxy-22 : 23-dibromo-8« : 9x-epoxyergostane (100 mg.) in methanolic 


° 
potassium hydroxide (2%; 50 c.c.) and benzene (2 c.c.) was heated under reflux for 2 hours. 


2%; 
Crystallisation of the product from acetone gave the same triol (60 mg.) as needles, m. p. and 
mixed m. p. 239-——240°, [a]) + 27° (c, 0-4). 

Pyridine—acetic anhydride converted the triol into 38 : 7& : 1la-triacetoxy-22 : 23-dibromo- 
8a: 9x-epoxyergostane, needles (from methanol—chloroform), [a]p + 4° (c, 2-8), m. p. 220—221° 
alone or mixed with the specimen described above. 

8x : 9u-E poxyergost-22-ene-38 : 7& : Lla-triol.—(a) 8x : 9u-Epoxy-7& : 1la-dihydroxyergost-22- 
en-38-yl acetate (300 mg.) in methanolic potassium hydroxide (1%; 60 c.c.) was heated under 
reflux for 2 hours. The unsaturated triol, isolated by means of ether, separated from acetone 
in needles (250 mg.), m. p. 160—163°, raised by three recrystallisations from acetone to 
166—167°; [a]p was -+32° (c, 1-0) (Found: C, 74:9; H, 10-5. C,,H,,O, requires C, 75-3; 
H, 10-4%). 

(b) 22 : 23-Dibromo-8« : 9a-epoxyergostane-38 : 7&: Lla-triol (250 mg.) in ether-methanol 
(1:1; 60 c.c.) was heated under reflux with zinc dust added portionwise during 3 hours. 
Filtration and concentration gave the unsaturated triol (170 mg.), which on recrystallisation 
from acetone had m. p. and mixed m. p. 166—167°, [a]p +31° (c, 0-9). 

(c) 38: 76: 1la-Triacetoxy-8« : 9x-epoxyergost-22-ene (100 mg.) in methanolic potassium 
hydroxide (2% ; 40c.c.) was heated under reflux for 2hours. The product, isolated by means of 
ether, crystallised from acetone as needles (60 mg.), m. p. 165—166°, [a], +30° (c, 0-8), unde- 
pressed in m. p. when mixed with the specimens described above. 

Acetylation (pyridine—acetic anhydride) of the unsaturated triol gave 38 : 7€ : 11«-triacetoxy- 
8a : 9x-epoxyergost-22-ene as prisms (from methanol) [a]p -+-3° (c, 2-7), m. p. 164—166° alone or 
mixed with the specimen described above. 

22 : 23-Dibromo-8a : 9u-epoxy-7 : 11-diketoergostan-38-yl Acetate [with Dr. G. T. NEwsBorp]. 

A solution of 22: 23-dibromo-8« : 9x-epoxy-7& : 1l«-dihydroxyergostan-38-yl acetate (216 
mg.) in acetic acid (15 c.c.) was treated with a solution of chromium trioxide in acetic acid 
(11-7 c.c.; 0-145N) added during 14 hours with stirring at room temperature. Next morning 
the solution was heated at 45—50° for 30 minutes, treated with methanol, evaporated to 
small bulk under reduced pressure, and diluted with water. 22: 23-Dibromo-8 : 9a-epoxy- 
7: 1l-diketoergostan-38-yl acetate, isolated by means of ether, crystallised from methanol- 
chloroform as flat needles (160 mg.), m. p. 210—212°, [a]) —43° (c, 1-0) (Found: C, 55-9; 
H, 7:2. Cale. for Cy9H,O;Br,: C, 55:9; H, 6:9%). It was undepressed in m. p. when 
mixed with a specimen prepared by Budziarek, Johnson, and Spring (loc. cit.). 

22 : 23-Dibromo-9E : 1la-dihydroxy-71-ketoergostan-38-yl A cetate.—A solution of 22: 23-dibromo- 
8a : 9x-epoxy-7E : 1la-dihydroxyergostan-38-yl acetate (5 g.) in acetic acid (40 c.c.) was treated 
with aqueous hydrogen bromide (48%; 1-5 c.c.) at room temperature and the mixture kept for 
1 hour. The crystalline solid which separated from the blue solution was collected, washed 
successively with a little acetic acid and methanol, and dried (4-2 g.; m. p. 246—248°). Three 
recrystallisations from acetone gave 22: 23-dibromo-9& : 1la-dihydroxy-7-ketoergostan-38-vl 
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acetate (X) as hexagonal prisms, m. p. 250—251°, [a], —36°, —35° (c, 2-5, 2-1) (Found: C, 55-6; 
H, 7-6. C39H,,0,Br, requires C, 55-6; H, 7-5%). 

9& : lla-Dihydroxy-7-ketoergost-22-en-38-yl Acetate.—(a) The acetate (X) in ether—-methanol 
(1:1) was heated under reflux with zinc dust for 4 hours. The product, isolated in the 
usual manner, was 9€: 1la-dihydroxy-7-ketoergost-22-en-38-yl acetate (yield, quantitative) 
which separated from methanol as rectangular plates, [a]) —69°, —67-5° (c, 1-0, 0-8), m. p. 
267—269°, alone or mixed with the specimen described by Budziarek, Newbold, Stevenson, 
and Spring (loc. cit.) (Found: C, 74:0; H, 10-1. Calc. for C,.H,,0O,: C, 73:7; H, 99%). 

(6) When 22 : 23-dibromo-8a : 9x-epoxy-7§ : 1l«-dihydroxyergostan-38-yl acetate (400 mg.) 
in acetic acid (30 c.c.) was treated as above (zinc dust, 4 g.), the same product (210 mg.) was 
obtained having m. p. and mixed m. p. 267—269°, [a]) —67° (c, 0-9). 

38 : 9€ : Lla-Trihydroxyergost-22-en-7-one.—Hydrolysis of 38-acetoxy-9€ : 1la-dihydroxy - 
ergost-22-en-7-one (100 mg.) with 2% methanolic potassium hydroxide (30 c.c.) gave 38 : 9 : Ll«- 
trihydroxyergost-22-en-7-one (70 mg.) which separated from acetone (or methanol) as needles, 
m. p. 258—259°, [a]p —71° (c, 1-1) (Found: C, 75:2; H, 10-4. C,gH4,O, requires C, 75:3; H, 
10:4%). 

38 : Lla-Diacetoxy-22 : 23-dibromo-9&-hydroxyergostan-7-one.—-22 : 23-Dibromo-9€ : 1lx-di- 
hydroxy-7-ketoergostan-33-yl acetate (400 mg.) in pyridine (20 c.c.) and acetic anhydride 
(10 c.c.) was heated on the steam-bath for 3 hours. The solid separating from the cooled 
mixture was washed with methanol and dried (330 mg.; m. p. 256—257°). After two recryst- 
allisations from acetone (or methanol-chloroform), 38: 1l«-diacetoxy-22 : 23-dibromo-9&- 
hydroxyergostan-7-one was obtained as needles, m. p. 259—260°, [a]p —29°, —27° (c, 1-6, 0-9) 
(Found : C, 55-65; H, 7-5. C3,H;,O,Br, requires C, 55-65; H, 7-3%). 

38 : Lla-Diacetoxy-9&-hydroxyergost-22-en-7-one.—(a) 33: lla-Diacetoxy-22 : 23-dibromo- 
9£-hydroxyergostan-7-one (150 mg.) was debrominated by heating its solution in ether—methanol 
(1:2; 100c.c.) with zinc dust (2 g.) for 4 hours under reflux. The product, isolated in the usual 
manner, crystallised from methanol to yield 38 : 1la-diacetoxy-9€-hydroxyergost-22-en-7-one 
(100 mg.) as needles, m. p. 194—196°, [«],, —43° (c, 1-0), undepressed in m. p. when mixed with 
the specimen described by Budziarek, Newbold, et al. (Joc. cit.) (Found: C, 72-6; H, 9-6. Calc. 
for C3.H;90,: C, 72-4; H, 9-5%). 

(6) 38 : 98: 1la-Trihydroxyergost-22-en-7-one with pyridine and acetic anhydride gave the 
same 38: lla-diacetate as needles (from methanol), m. p. and mixed m. p. 193—195°, [«]p 
— 42° (c, 0-8). 

22 : 23-Dibromo-38 : 96: lla-trihydroxyergostan-7-one.—(a) 22: 23-Dibromo-9€: 1l«-di- 
hydroxy-7-ketoergostan-38-yl acetate (300 mg.) was heated in methanolic potassium hydroxide 
(1%; 200 c.c.) under reflux for 2 hours. 22: 23-Dibromo-38 : 9§ : lla-trihydroxyergostan-7-one, 
isolated in the usual manner (250 mg.; m. p. 258—260°), crystallised from acetone as needles, 
m. p. 262—263°, [a]p —45°, —42° (c, 0-25, 0-3) (Found, after drying in high vacuum over P,O, 
at 100° for 7 days: C, 54:0, 54:1; H, 7:75, 7-9. C,.,H,,O,Br,,H,O requires C, 53-9; 
H, 7:75%). It is sparingly soluble in chloroform and separates as thick, elongated plates 
from methanol-chloroform. 

Acetylation of the triol with pyridine and acetic anhydride gave the 36: 1l«-diacetate 
(quantitative yield) as needles (from acetone), m. p. and mixed m. p. 259—260°, [a], —28° 
(c, 0-8) (Found: C, 55-6; H, 7-6%). 

Debromination of the triol by refluxing its solution in methanol with zinc dust for 4 hours 
gave, in quantitative yield, 38: 9%: 1la-trihydroxyergost-22-en-7-one which separated from 
methanol as flat needles, m. p. and mixed m. p. 257—259°, [a], —70° (c, 0-7). 

(b) A solution of 22 : 23-dibromo-9€ : 11a-dihydroxy-7-ketoergostan-38-yl acetate (300 mg.) 
in dry acetone (200 c.c.) was treated with a stream of dry hydrogen chloride for 30 minutes at 
18° and then kept at room temperature for 2 days. The solvent was removed under reduced 
pressure and the product isolated by means ofether. Crystallisation from acetone (or methanol) 
gave 38: 9€: ll«-trihydroxy-22 : 23-dibromoergostan-7-one as plates, m. p. 258—259°, [a]p 
—43° (c, 0-2) (Found: C, 54:1; H, 7-9%). It does not exhibit selective absorption of high 
intensity above 2000 A and the m. p. of a mixture with the specimen described under (a) was 
undepressed. 

38 : lla - Diacetoxy - 22 : 23 : dtbromoergost-8-en-7-one.—22 : 23-Dibromo-38 : 98: ll«-tri- 
hydroxyergostan-7-one (150 mg.) in 10% methanolic potassium hydroxide (50 c.c.) was refluxed 
for 18 hours. The product, isolated by means of ether, was acetylated by warm pyridine and 
acetic anhydride (1 hr.). The acetylated product, isolated by means of ether, crystallised 
from methanol giving 38 : 1la-diacetoxy-22 : 23-dibromoergost-8-en-7-one as needles (70 mg.) 
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p. 158—160°, [a]p +18° (c, 0-8) (Found: C, 57-3; H, 7-5. Calc. for C,,.H,,0,Br,: C, 57-1; 
H, 7:2% Light absorption: Max. at 2520 A (e = 9000). It was undepressed in m. p. when 
mixed with the specimen described by Budziarek, Stevenson, and Spring, /., 1952, 4874. 

22 : 23-Dibromo-38 : lla-dihydroxyergost-8-en-7-one.—22 : 23-Dibromo-92 : 1l«-dihydroxy-7- 
ketoergostan-33-yl acetate (200 mg.) in methanolic potassium hydroxide (10%; 100 c.c.) was 
heated under reflux for 18 hours. The product, isolated by ether and crystallised four times 
from methanol, yielded 22: 23-dibromo-38 : 1la-dihydroxyergost-8-en-7-one (120 mg.) as 
needles, m. p. 228—230°, [a]p +4° (c, 1-8) (Found: C, 57:3; H, 7-6. Calc. for C,,H,,O,Br, : 
C, 57-1; H, 75%). Light absorption: Max. at 2520 A (e = 8000). The m. p. of a mixture 
with the specimen described by Budziarek, Stevenson, and Spring (/oc. cit.) was undepressed. 
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160. Vhe Kinetics of Aromatic Halogen Substitution. Part 1X.* 
Relative Reactivities of Monosubstituted Benzenes. 
. W. Rosertson, P. B. D. DE LA MARE, and B. E. SWEDLUND. 


‘The rates of halogenation are given of various monosubstituted benzenes, 
relative to that of benzene, the range being from dimethylaniline, 10'8, to 
nitrobenzene, 1-8 x 10°, the more extreme values having been estimated 
indirectly. Included among the new rate measurements are those for di- 
phenylmethane, phenol, diphenyl ether, phenyl benzoate, N-methyl- 
acetanilide, ethyl phenylacetate, NN-dimethyl-m-nitroaniline, m-nitro- 
acetanilide, and ethyl p-toluate. The proportions of pava-isomer formed in 
the bromination of toluene and of tert.-butylbenzene have been determined 
under the conditions of kinetic measurements, and the relative rates of 
pava-bromination have thence been established for these two compounds 
as 100: 31. 


luis paper concludes a series in which the rates of halogenation of numerous monosub- 
stituted benzenes have been measured under conditions of controlled kinetics. The results, 
together with values for certain other compounds not previously examined, are presented 
asa Table. The large rate differences preclude the measurements for the same halogen 
in the same solvent, and it has been necessary to examine a rapidly reacting compound, 
such as phenol, at very low concentrations, with bromine, in anhydrous acetic acid; 
whereas the rate of chlorination of bromobenzene, a relatively unreactive compound, 
was measured at high concentration in aqueous acetic acid, the results being calculated 
as relative rates (r = Rarx/Rarn) by comparison with compounds of intermediate reactivity. 
Comparison of series of compounds, for which both chlorination and bromination velocities 
are known, and steric effects are either absent or constant in the series [e.g., the halogeno- 
naphthalenes (Part IV, J., 1948, 100) and the phenol ethers (Bradfield and Jones, Trans. 
Faraday Soc., 1941, 37, 726)], shows that rates of bromination tend to be rather more widely 
spread than those of chlorination. This does not cause any ambiguity, since the rates in 
the Table lower than that for benzene are for chlorination, and those more rapid (with 
the exception of certain compounds reacting at about the same rate as benzene) are for 
bromination. 

Phenol (ry — 108) and bromobenzene (r = 1071) represent the extreme experimental 
limits for the practicable direct measurement of reaction velocities. Compounds outside 
these limits are included in the Table, but it should be noted that values in such cases 
have been assessed on the principle that substituents affect substitution at a given position 
independently (Bradfield and Jones, loc. cit.); e¢.g., the value for the carbethoxy-sub- 
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stituent was calculated by reference to the rate ratio of the compounds (1) and (11), for 
the positions marked, the known value (58°, ; cf. Wahl, Normand, and Vermeylen, Budl. 
Soc. chim., 1922, 31, 570; Wertyporoch, Annalen, 1932, 493, 153) for the proportion of 
ortho-chlorination in (II) being used. This result, combined with the rate ratios found by 
Bradfield and Jones for the chlorination of phenol ethers /-MeO-C,H,X, gives the values 
quoted for substitution meta- to deactivating groups, such as COPh, CO,H, and NQ,. 
Reversely, the effect of the highly activating dimethylamino-group was estimated by 
introducing also the deactivating nitro-group, and comparing the relative rates of halo- 
genation of (III) and (IV), in which substitution takes place substantially in the positions 
indicated.* 

The mechanisms of halogenation under the conditions of our measurements are, despite 
adverse criticisms of this point by Baker (‘‘ Hyperconjugation,’’ Oxford Univ. Press, 
1952, pp. 49—54), reasonably well established. The halogens themselves react directly, 
as molecules, the rate-determining process being the formation of an intermediate (e.g., 


* Paco um 
Me% ‘CO,Et Me S NMe, «7 SNH-COMe 
\—_ " \ X\: 
s * NO, NO, 
(1) (11) (III) (IV) 


for chlorination, ArH,Cl,); the final stage, involving the removal of the aromatic hydrogen 
atom as a proton, is extremely rapid. For chlorination, this is indicated by the specific 
catalytic power of chloride ions when N-chloroanilides (cf. Orton, Soper, and Williams, 
J., 1928, 998) or hypochlorous acid (cf. de la Mare, Hughes, and Vernon, Research, 1950, 
3, 192) is used as a source of electrophilic chlorine. Similarly, Bradfield, Davies, and 
Long (/., 1949, 1389) concluded that bromination by solutions of bromine in aqueous 
acetic acid involved bromine molecules as essential electrophilic reagent, rather than such 
other possible intermediates as bromine hydroxide, bromine acetate, or “‘ positive bromine.” 
These findings agree completely with our observations on the influence of electrolytes on 
the rates of chlorine and bromine substitution (cf. de la Mare and Robertson, /., 1943, 
279; Robertson, Dixon, Goodwin, McDonald, and Scaife, /., 1949, 294). 

The rate ratios in the Table are for a molecule of each compound, compared with a 
molecule of benzene, except for the symmetrical compounds PhN:NPh, Ph,O, COPhg, 
and CH,Phg, in which the values have been divided by 2 to give the value per phenyl 
group. 


Relative rates (r) of halogen substitution of compounds PhX (PhH = 1). 


NH-COMe 
NMe:COM¢ ... 


+ T, 
CH,Ph 


Discussion.—(a) Amines and related compounds. In these compounds, the inductive (-- 1) 
influence of the substituent, greater in the ortho- than in the para-position, and the relatively 
large bulk of the entering bromine atom, combine to reduce greatly, or, as for acetanilide, 
to inhibit, ortho-substitution. The relative rates in the Table, therefore, are essentially 
those for unimpeded fara-substitution. A remarkably high power of electron-release 


* From 4:6 g. of NN-dimethyl-m-nitroaniline there were obtained, on bromination in acetic acid 
containing sodium acetate, 4-9 g. (72%) of 4-bromo-N N-dimethy]-3-nitroaniline, m. p. 92—93°. Forster 
and Coulson (J., 1922, 121, 1995) record m. p. 94° for a specimen similarly prepared. A similar yield 
is to be expected in the chlorination of (IV) (cf. Chattaway, Orton, and Evans, Ber., 1900, 38, 3057; 
Wheeler, Amer. Chem. J., 1895, 17, 613) but we do not claim great accuracy for the’ very large value 
(y = 5 x 1018) thus derived for the activating effect, obtainable only in this indirect manner, of the 
dimethylamino-group; we are indebted to the Referees for suggesting clarification of this point. 
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is shown by the dimethylamino-group, which causes dimethylaniline to be more reactive 
than anisole by a factor of 10%. Francis’s finding (J. Amer. Chem. Soc., 1925, 47, 2340), 
that bromination by the competition method shows the opposite order of reactivity, does 
not contradict this result, since his experiments were carried out in aqueous solution in 
the presence of acids, and, under these conditions, the transformation of the amine into 
an unreactive salt must be considerable. In our experiments, in acetic acid solution, 
this difficulty has been avoided by the introduction of a nitro-substituent, which consider- 
ably weakens the basicity of the amine, and by the presence of sodium acetate, which 
reduces the proton-donating properties of the medium. On changing from acetanilide 
to N-methylacetanilide, the rate of bromination is decreased by a factor of 108. The same 
order of reactivity has also been observed for chlorination (Orton, Soper, and Williams, 
loc. cit.; Bradfield and Jones, J., 1928, 3073), despite the fact that none of these halo- 
genations appears to proceed via the N-halogeno-derivative (cf. also Hughes and Ingold, 
Quart. Reviews, 1952, 6, 34). It is now recognised that the bonding electron-pairs of a 
group such as methyl can behave as though they can be released to an attached unsaturated 
system, by hyperconjugation, represented as in (V), the resulting effect on chemical 
reactivity being greater for the methyl than for the ¢ert.-butyl group. We suggest that a 
similar structure such as (VI), important particularly in the transition state of substitution, 
accounts for the greater reactivity of acetanilide than of N-methylacetanilide in halogen 
substitutions. The presence of the electron-withdrawing acyl group may favour this 
process; it has been proposed similarly (Swindale, Swedlund, and Robertson, J., 1950, 
$12) that the extent of hy perconjugation in the benzyl] and allyl halides is increased by the 
electronegativity of the halogen atom. 


; eae a aeae 
H® CH,= e H® N= —e 
meee re go 
\= COMe 
(V) (VI) (VII) 


Azobenzene is chlorinated in aqueous acetic acid only slightly more rapidly than 
benzene; the significance of the low power of electron-release of the N:NPh group is 
discussed by Robertson, Hitchings, and Will (J., 1950, 808). In acetic acid solution in 
the presence of hydrogen chloride, the reaction follows a different course, there being a 
preliminary addition of hydrogen chloride. 

(b) Phenol and related compounds. For the same reasons as given in the preceding 
section, the proportion of ortho-bromination for these compounds is relatively small, and 
the rates in the Table are a measure of electron-release to the para-position. In spite of 
the inductive effect of the alkyl group, anisole is seen to have a smaller reactivity than 
phenol. This difference is, however, not due to the participation of the highly reactive 
phenoxide ion; phenol is too weak an acid to be measurably ionised in acetic acid, and 
addition of sulphuric acid to the reaction mixture was found not to reduce the rate of 
bromination. The greater reactivity of phenol than of anisole may then also be attributed 
to hyperconjugation (VII). The very pronounced effect of an acyl group in reducing the 
reactivity is seen in this series, as also in the amines; phenyl benzoate is 3 x 10° times less 
reactive than anisole, the O-COPh group thus becoming less effective even than an alkyl 
group in promoting electrophilic substitution. 

(c) Halogenobenzenes. para-Substitution predominates also in this series, although the 
proportions of isomers formed on chlorination are not accurately known. The values in 
the Table for fluoro-, chloro-, and bromo-benzene are for chlorination in aqueous acetic 
acid; the same sequence was observed (de la Mare and Robertson, J., 1948, 100) for the 
chlorination and bromination of the 1-halogenonaphthalenes, in which substitution occurs, 
under polar conditions, substantially in the 4-position (cf. Zalkind and Faerman, J. Russ. 
Phys. Chem. Soc., 1930, 62, 1021); the value for iodobenzene is assessed by reference to 
the relative rates for bromination of 1-bromo- and 1-iodo-naphthalene. 

The difference between halogenation and nitration is especially apparent in this series ; 
e.g., a fluoro-substituent activates the position para- to itself by a factor of 3 for halogenation, 
whereas for nitration in the same position, the rate is reduced to one-fifth. Such an effect 


Aromatic Halogen Substitution. Part 1X. 785 


is related, in our opinion, to the fact that the halogens react as neutral molecules, whereas 
in nitration the effective reagent is the nitronium ion, and thus the inductive effect of the 
substituent is of more dominating importance in substitution by the latter reagent. Another 
example of such a difference in behaviour is described in the following section. 

(d) Alkvlbenzenes. The considerable fall in reactivity in the series PhMe, PhEt, 
PhPri, PhBut, which for the extreme members of the series was 100 : 32 for chlorination 
and 100: 23 for bromination in aqueous acetic acid, was discussed by de la Mare and 
Robertson (/J., 1943, 279). Considering the possibility that this sequence might be due 
to a steric effect, we concluded: ‘‘ the relative fall in rate for fava-substitution would be 
less than the fall in total rate, but would still remain considerable. Thus these experi- 
ments on the relative rates of halogenation of the alkylbenzenes can be regarded as further 
evidence of the operation of hyperconjugation.” 

Since that time, the relative rates of bromination of toluene and ¢ert.-butylbenzene 
have been re-examined independently (a) by the competition method, with iodine as 
catalyst (Berliner and Bondhus, J. Amer. Chem. Soc., 1946, 68, 2355), and (6) by the 
kinetic method, with aqueous acetic acid containing sodium acetate as solvent (Berliner 
and Berliner, tb1d., 1949, 71, 1195). These authors obtained results, viz., method (a) 
100: 25, method (4) 100:18, differing only slightly from ours (100: 23). They also 
rediscussed the relevant data concerning 0 : p-ratios in the bromination of these compounds, 
and assessed the most probable relative rates of f-substitution under their conditions as 
100: 27. Their theoretical interpretation was identical with ours. 

Any remaining uncertainty with regard to the relative rates of para-bromination of 
toluene and fert.-butylbenzene has now been removed by measurement of the amounts 
of the para-derivative formed from these compounds on bromination in 12% aqueous 
acetic acid, viz., toluene 69%, tert.-butylbenzene 92%. A measurement of the relative 
rates of bromination under these experimental conditions showed an overall rate ratio of 
100: 23. A combination of these values gives the relative rates for fara-bromination 
in the positions marked in (VIII) and (LX). For comparison are given values previously 
recorded for mesitylene (X) and 5-tert.-butyl-m-xylene (XI) (Part II). The second pair 


Me 4 
100 31 100 39 ft 
(VITI) (IX) (X) (XI) 


+ This value should be slightly reduced to allow for substitution ortho to the tert.-butyl group. 


of compounds react more rapidly than the first by a factor of about 10°, but the rate ratios 
for comparable positions are substantially the same, as indeed they should be, by the 
principle that substituents affect independently the reactivities of related benzene deriv- 
atives. Although there is unimpeded fara-substitution in the first two compounds, yet 
there is the possibility of steric hindrance by the two o-methyl groups in the second pair, 
but this must be the same for both compounds, and thus cannot affect the relative rates. 
The reagent under these conditions is molecular bromine, as has been shown by our kinetic 
measurements, and confirmed by Bradfield, Davies, and Long (loc. ctt.). The doubts 
expressed by Baker (op. cit.) are thus resolved in favour of our interpretation quoted above. 

This ratio for para-bromination, 100 : 31, is different from the value obtained for nitra- 
tion, 100: 140, as reported by Cohn, Hughes, Jones, and Peeling (Nature, 1952, 169, 291). 
In both reactions, the stage involving removal of a proton is not rate-determining. The 
first stage, therefore, determines the rate, the reagents being in the one reaction a neutral 
molecule (Br, or Br,), and in the other a positive ion (NO,*). As the dipole moments, 
identical here with the mesomeric moments, of tert.-butylbenzene (u = 0-70) and of toluene 
(u = 0-37) appear to be determined chiefly by the inductive effects of the substituents, 
in the reactions with bromine some other factor than the inductive effect must be in 
operation to cause the rate sequence observed, viz., toluene>fert.-butylbenzene. The 
result could be explained, for instance, by the postulate that hyperconjugation does not 


Pp 
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appreciably contribute to the mesomeric moment for toluene, but becomes of considerable 
importance in the excited transition state. In the nitration of toluene also, both effects 
must operate, but in nitration the permanent electrostatic forces appear to dominate ; 
the influence of the inductive effect becomes relatively more important than hypercon- 
jugation, and the rate order for the two compounds is reversed. 

(e) Compounds CH,PhX. In this series the —J effect and the bulk of the group each 
tend to reduce the extent of ortho-substitution; at the same time the amounts of meta- 
isomer produced are not large, so that para-substitution predominates. Consequently 
the relative rates in the Table represent very nearly the order of electron-release for the 
groups CH,X. These rates are distributed on either side of benzene, as the -++-T effect, due 
to conjugation, is more or less offset by the —J effect of X. The phenyl group, for example, 
weakly withdraws electrons, as is illustrated, e.g., by the strength of the acid CH,Ph*CO,H 
(K = 4-9 x 10-5) as compared with that of acetic acid (K = 1-8 x 1075), and by the 
relative rates of chlorination of the aryl ethers, o-MeO-C,H,X (100), CH,Ph-O-C,H,X (68) 
(Bradfield and Brynmor Jones, Joc. cit.). This negative effect of the phenyl group may 
be regarded as due to a limited tautomeric displacement due to hyperconjugation (see 
inset) whereby a very weak permanent dipole is created. The relative rates of bromination 
of toluene and diphenylmethane, per phenyl group, are 100 : 15, the difference in reactivity 

_. y= .@ becoming rather less when calculated for unimpeded para-substitution. 
ccan The reactivity of diphenylmethane is, however, still some 50 times 

H’ greater than that of benzene. Benzyl cyanide, on the other hand, con- 
taining the much more powerfully electron-withdrawing cyano-group, reacts 6 times less 
rapidly than benzene. 

(f) Compounds with —1, —T groups.—These combined effects in a substituent X cause 
the compound PhX to be less reactive than benzene, and result in halogenation meta to 
the group X, without the rather large amount of ortho-derivative which often accompanies 
nitration of these compounds. Reference to the Table shows that the variability of 
effectiveness of these groups is considerably less than in the case of groups with +7 
characteristics. As might be expected, there is a close correspondence between the 
reactivities of compounds ~-RO*C,H,X in substitution, and of PhCH:CHX in addition, 
when X is a group with —J, —T effects (cf. de la Mare, Quart. Reviews, 1949, 3, 126). In 
both these series there is the possibility that the rate of reaction may be somewhat modified 
by hydrogen-bonding of the substituent with the solvent, especially when the group X is 
of the type COR. The possibility of such an effect has not been investigated, but it is 
believed that, especially in aqueous acetic acid, the deactivating power of the group X 
is not thereby changed sufficiently to alter considerably the values quoted in the Table. 


EXPERIMENTAL 


The methods have been described in previous communications. Results are given as 
times (¢, min.), for a definite percentage (x) of disappearance of halogen, or as values of ky (I. 
g.-mol.-! min.~!) in acetic acid, at 25°, unless otherwise stated. 

To eliminate the possibility of salt-formation with the solvent, or with the hydrogen bromide 
produced in the reaction, dimethyl-m-nitroaniline, m. p. 50-5°, was examined in the presence 
of excess of sodium acetate, lithium bromide being also added to reduce the rate to a measurable 
value, and was compared with anisole under the same conditions, with the following results : 
0-00102M-m-NMe,*C,H,*NO, + 0-00105M-Br, -+ 0-068M-NaOAc + 0-035m-LiBr, * = 20, ¢ = 
0-29; «= 50, t= 1:12, k, = 850; 0-0254m-anisole + 0-0100M-Br, + 0-068mM-NaOAc + 
0-035M-LiBr, k, = 0-95. Hence dimethyl-m-nitroaniline reacts faster than anisole by a factor 
of 10%, and benzene by a factor of 10!%; direct comparison cannot be made with m-nitro- 
acetanilide. The latter compound, m. p. 152°, 0-100M, with 0-0714m-chlorine, gave k, = 0-0040, 
which may be compared with the corresponding value for toluene, k, = 0-028 (de la Mare and 
Robertson, J., 1943, 279). The nitro-group, by comparison with acetanilide, has reduced the 
reactivity by a factor of 4:3 x 108. 

The following are other values not previously reported: 0-100M-phenyl benzoate + 0-0100m- 
Cl,, ¥ = 10, ¢ = 760; 0-050mM-N-methylacetanilide + 0-05mM-Br,, x = 10, t = 181; 0-0125M- 
diphenyl ether + 0-0125M-Br,, x = 10, ¢ = 45; 0-00100mM-phenol + 0-00100M-Br,, + = 20, 
t= 0-82; x = 50, tf = 3-30, no alteration in rate of reaction being observed in the presence 
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of 0-:0074M-H,SO,. In acetic acid containing 20% of water the following values were obtained : 
0-100mM-diphenylmethane + 0-050M-Br, (35°), + = 10, ¢ = 292; 0-200Mm-toluene + 0-050Mm-Br, 
(35°), x 10, ¢ = 43; 0-50m-ethyl phenylacetate + 0-050M-Cl,, * = 10, t = 6-8; 0-252m- 
ethyl p-toluate + 0-120M-Cl,, + = 20, ¢ = 156. 

There now follows a description of the measurements of the amounts of para-bromination 
of toluene and fert.-butylbenzene in aqueous acetic acid. 

(i) Radioactive p-bromotoluene. This was prepared from p-toluidine by the Sandmeyer 
method, 2 g. of radioactive ammonium bromide being introduced with the solution of cuprous 
bromide in hydrobromic acid. The crude ~-bromotoluene was fractionally frozen several times ; 
the final sample (B) had f. p. 25-8°, and was therefore, from van der Laan’s f. p. data (Rec. Trav. 
chim., 1907, 26, 1), of purity 98%; an earlier fraction (sample A), f. p. 24-5°, was also kept 
for radioactive measurements. 

(ii) Bromination of toluene. Toluene (46 g.) was allowed to react with 2 1. of 0-178M- 
bromine in acetic acid containing 12-5° of water. After ca. 1000 min., 0-0660M-Br, had 
reacted; 1-108 g. of radioactive p-bromotoluene, m. p. 25-8°, were added to the reaction mixture 
(1-95 1.), which was poured into excess of alkali and sodium formate. The organic product 
was extracted with ether, washed with water, dried, and fractionated, giving 16-4 g. (75%), 
b. p. 178—186°/760 mm., n?> 1-5507, f. p. 5-0° (Sample C). There was ca. 1 g. of residue of 
higher b. p. A portion of sample C was recrystallised three times from light petroleum at 

80°, giving sample D, f. p. 25-6°, 2.e., of purity 97-5%. 

(iii) Radioactive measurements. The above samples, A, B, C, and D, were appropriately 
diluted, and counted by the type of counter usual for liquid samples, and standard scaling and 
recording equipment. Each sample was counted twice. From the decay curves, which 
corresponded, within the statistical error, with those expected for **Br, t4j= 36 hours, values 
were interpolated to give counts for each sample at the same arbitrary time. The data are 
collected in the following Table. 

Radioactive measurements for samples of p-bromotoluene. 
p-Bromo- Counts/min., corrected 
toluene, ° p S, Relative (a) for (b) for dilution 
Sample F.. p. (from f. p.) in. dilution dilution and f. p. 

A 24-5 95-5 912 912 955 + 7 
B 25-8 98-0 241- 919 938 + 9 

Cc 5-0 64-0 5: 41-8 65-3 + 0-4 

D 25:6 97-5 2 . 62-3 63-9 + 0-4 

The disagreement between each of the two pairs of values is only slightly greater than would 
be expected on the basis of random fluctuations in the rate of counting, as indicated by the 
limits given in the last column. Any error resulting from the use of the freezing points to 
correct the results is clearly small. The results for the purest samples, B and D, being taken 
as giving the best estimate of the dilution, the weight of p-bromotoluene produced in the experi- 
ment is (1-108 « 938/63-9 — 1-108) 15-15 g. The consumption of bromine corresponds 
with the formation of 22-0 g. of bromotoluenes, and hence there is formed in the reaction 69°, 
of p-bromotoluene. The f. p. of the crude bromotoluenes isolated in 75% yield, corrected for 
the added radioactive p-bromotoluene, gives a value of 61°%, indicating imperfect fractionation, 
which source of error is absent in the isotopic-dilution method. 

(iv) Bromination of tert.-butvlbenzene. tert.-Butylbenzene (67 g.; ?5 1-4904) was dissolved 
in 21. of a solution of bromine (0-094mM) in acetic acid containing 12-5°, of water. After 2 weeks, 
0:047M-bromine had reacted, and the product was isolated as before. After removal by 
fractionation of the excess of tert.-butylbenzene and of an intermediate fraction (mn 1-5128; 
0-3 g.) there were obtained 14-2 g., b. p. 84—85°/4 mm., n? 1-5302, f. p. 12-1°. p-Bromo-tert.- 
butylbenzene, purified to constant f. p. 15-7° by fractional freezing, has n? 1-5309, and its 
f. p. is lowered to 12-1° by addition to 1-273 g. of 0-081 g. (8 g.-mols. %) of o-bromotoluene. 
Pure samples of o- or m-bromo-tert.-butylbenzene were not available, but the error arising from 
this source is almost certainly negligible. From the above data, it is estimated that fert.- 
butylbenzene gives 92°, of p-bromination. We consider that this value is accurate to within 
1—2 units %. 

(v) Relative rates of bromination of toluene and tert.-butylbenzene. A redetermination of 
the relative rates of bromination of toluene and fevt.-butylbenzene (each 0-:25m) with bromine 
(0-133M) in acetic acid containing 12% of water at 25° gave a value of 100: 23. This is identical 
with that recorded by de la Mare and Robertson (/oc. cit.) for slightly different conditions, and 
very close to the value obtained for iodine-catalysed bromination by Berliner and Bondhus 
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(loc. cit.), who used the competition method. We have also shown that the ratio of rates is 
independent, within experimental error, both of the concentration of bromine and of the aromatic 
substance, thus demonstrating that the order with respect to each reactant is thesame. With 
due allowance for the proportions of isomers formed, and the relative velocities of the total 
reaction, the rates of pava-bromination of toluene and fert.-butylbenzene are in the ratio 
100: 31. 


We are indebted to Mr. L. D. Swindale for assistance with certain of the kinetic measure- 
ments. Radioactive ammonium bromide was supplied by the Atomic Energy Research 
Establishment, Harwell, Didcot, Berks. We thank Professors C. K. Ingold, F.R.S., and 
E. D. Hughes, F.R.S., for their friendly criticism and for suggested modifications to the present 
paper. We thank Mr. E. Grayson for technical assistance. 

VicToRIA UNIVERSITY COLLEGE, 

WELLINGTON, NEW ZEALAND. 


WILLIAM RAMSAY AND RALPH FORSTER LABORATORIES, 
UNIVERSITY COLLEGE, Lonpon, W.C.1. Received, October 23rd, 1952.) 


161. The Chemistry of Western Australian Plants. Part VIII.* 
The Essential Oil of Eucalyptus eudesmioides Bark. 
By A. BLuMANN, M. MICHAEL, and D. E. WHITE. 


The essential oil isolated from the bark of Eucalyptus eudesmioides by 
extraction and steam-distillation contains cineole, (-+)-borneol, and globulol, 
a sesquiterpene alcohol previously obtained from E. globulus oil. 


THE bark of Eucalyptus eudesmioides F. Muell. has a pleasant odour but yields little volatile 
oil on steam-distillation. However, on extraction with light petroleum and ether, followed 
by steam-distillation of the extract an essential oil was obtained. From this were isolated 
cineole, an uncharacterised hydrocarbon fraction, (+-)-borneol (as 3 : 5-dinitrobenzoate), 
and globulol (as 3 : 5-dinitrobenzoate). 

Borneol has recently been isolated from the oil of EF. globulus by Schmidt (Schimmel’s 
Report, 1951, 144), and globulol from a high-boiling fraction of it (Schimmel’s Report, 
1904, 1, 46; Semmler and Tobias, Ber., 1913, 46, 2030) although Ruzicka, Pontalti, and 
Balas (Helv. Chim. Acta, 1923, 6, 861) were unable to obtain globulol crystalline. They 
found, however, that the corresponding fraction gave cadalene on dehydrogenation. 


EXPERIMENTAL 


The finely ground bark (10-65 kg.) of Eucalyptus eudesmioides from Laverton, Western 
Australia, was extracted by percolation with light petroleum (b. p. 60—95°; 221.) and then ether 
(50 1.). On distillation of the solvents a black gum (522 g.) remained and was distilled with 
steam. The volatile oil weighed 109 g. (1-:02%). 71 G. were fractionated through a column 
(7-5 x 2-5 cm.) packed with glass helices. 

Fractions 1—5 [22-1 g., b. p. up to 110°/13 mm., nj (of centre fractions) 1-4372—1-4373] 
were combined and treated with an excess of 50% resorcinol solution. The solid product 
was washed with light petroleum (b. p. 60—80°), decomposed by alkali and steam-distilled, 
giving cineole (3-1 g.)._ It was characterised by the formation of compounds with resorcinol 
(m. p. 80—85°) and with o-cresol (m. p. 55-5°) identical with authentic specimens. 

The oil obtained after removal of the light petroleum from the washings of the resorcinol 
compound was distilled over sodium, forming fractions (i) b. p. 158—166°, nj 1-4690, dj? 0-853, 
and (ii) b. p. 164—174°, nf 1-4690, dj? 0-855, [x]}7 +.27-5°. These hydrocarbon fractions failed 
to yield crystalline oxidation products indicative of the presence of «-pinene on treatment 
with permanganate, and were not further investigated. 

0-5 G. of fraction 6 (7:3 g., b. p. 110—118°/13 mm., mij 1-4375), 3 : 5-dinitrobenzoyl chloride 
(0-7 g.), and pyridine (1 ml.) were heated at 100° for 15 min., kept overnight at room tem- 
perature, and again heated at 100° for 15 min. On cooling, the mixture was washed in ether 
with 5°, sodium hydroxide solution, water, dilute hydrochloric acid, and again water. The 
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oily solid which remained after removal of the solvent was dissolved in light petroleum (b. p. 
60—80°). Concentration afforded (-})-bornyl 3: 5-dinitrobenzoate as rectangular plates, 
m. p. 150—151°, [a]® +37° (c, 1-05 in CHCl,) (Found: C, 59-3; H, 5-8; N, 7-85. Cale. for 
C,7HgO,N,: C, 58-6; H, 5:8; N, 8-0%). The m. p. was raised to 155° on admixture with an 
authentic sample, m. p. 155—156°, [a]? + 20° (c, 1-09 in CHCI,). 

2 G. of fraction 7 (15-6 g., b. p. 120—130°/8 mm., d}? 0-939, ni? 1-4972, [a]} —12-6°) in dry 
ether (20 ml.) treated with dry hydrogen chloride at 0° for 90 min. became dark red and on 
removal of the ether there remained a dark red viscous liquid from which no crystals were 
obtained. 

0-6 G. of fraction 9 (6-2 g., b. p. 102—-120°/1 mm, nf 1-5036), 3: 5-dinitrobenzoyl chloride 
(0-7 g.), and pyridine (2 ml.) were heated at 100° for 15 min. and kept overnight at room tem- 
perature. Working up as described for fraction 6 gave crystals, which formed needles of 
globulyl 3: 5-dinitrobenzoate from light petroleum (b. p. 60—80°). These melted first at 
139-5°, resolidified at 140° and melted again at 195-—197° with decomp. Hydrolysis of the 
dinitrobenzoate (110 mg.) with alcohol (10 ml.) and potassium hydroxide (1 g.) for 35 min. 
under reflux yielded an oil (isolated by means of ether) which crystallised in fine hair-like 
needles. Fractions 8 (10-3 g., b. p. 130—140°/8 mm., d}’ 0-949, njj 1-5020, [«]j7 —10-4°) and 
9 were seeded with these crystals and treated with a little light petroleum. After 3 days at 
room temperature and a week at 0°, globulol (2-1 g.) was obtained and recrystallised from 
the minimum amount of light petroleum at 0° and then twice from 70% alcohol. It had m. p. 
87°, [«]}¥ —42-3° (c, 1-0 in CHCl), gave no colour with tetranitromethane, and did not depress 
the m. p. of an authentic sample, m. p. 88°, [«]]? —41-8°, isolated from Eucalyptus globulus oil. 

Globulyl 3: 5-dinitrobenzoate, prepared from authentic globulol by the above method, 
had m. p.s 139-5° and 196—198°, unaltered on admixture with the sample described above 
(Found: C, 63-5; H, 6-95; N, 6-6. C,,H,,0,N, requires C, 63-4; H, 6-8; N, 6-7%). 

Globulol (0:3 g.), pyridine (1 ml.), and phenyl isocyanate (0-3 ml.) remained for 3 days at room 
temperature. Then 2 drops of water were added. Next day the phenylurethane was extracted 
with light petroleum (b. p. 60—-80°) and crystallised from aqueous methanol in needles, m. p. 
144-5°, [a]}? —69° (c, 1-84 in COMe,) (Found: C, 77-8; H, 9-0; N, 4:3. C,,H,,O,N requires 
C, 17-4; H; O15; N, 43%). 

Grateful acknowledgment is made to Professor Wienhaus, School of Forestry, Tharandt 
(nr. Dresden), for the authentic sample of globulol and to the Forests Department of Western 
Australia for the supply of bark and for a maintenance grant (to M. M.). 
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[4C, | Benzene. 
By H. S. TurRNER and R. J. WARNE. 


A method is described for the preparation of [!#C,)benzene from carbon 
dioxide in 75% yield. 


SEVERAL syntheses of benzene and its simple derivatives labelled in the nucleus with iso- 
topic carbon have been described. Grosse and Weinhouse (Science, 1946, 104, 402) obtained 
1: 3: 5-14C,)mesitylene in about 10°% yield by condensation of [2-!C]acetone in presence 
of sulphuric acid. Fields, Leaffer, and Rohan (iiid., 1949, 109, 35) have announced the 
preparation of 1-methyl{1-!4C]cyclohexanol by the reaction of ethyl [carboxy-4C]acetate 
with pentamethylenebis(magnesium bromide), and its conversion into [1-!4C]}toluene, 
[1-14C]benzoic acid, and [}4C,}benzene in overall yields of 35—50, 30—40, and 25—40%, 
respectively. Working details have not yet been published,f but it is perhaps significant 

* Part IV, J., 1951, 1896. 

+ Added in proof. Since the present paper was submitted a more detailed account of this synthesis 
has appeared (Fields, Leaffer, Rothchild, and Rohan, ]. Amer. Chem. Soc., 1952, 74, 5498). These 
authors describe the synthesis of toluene, benzoic acid, and benzene on a 63-millimole scale; overall 
yields from carbon dioxide were 33, 24, and 21% respectively. There was no significant dilution of 
isotope. It is mentioned that on the scales of 131 and 149 millimoles the yields of benzoic acid were 
37 and 25% respectively. 
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that labelled aromatic compounds made by the process are advertised (Tracerlab Inc., 
Boston, Mass., U.S.A.; Catalog B) as having a specific activity of 0-01—0-02 millicurie per 
millimole, whereas barium [Cjcarbonate is normally available with specific activities up 
to 4.mc per millimole. [1:3 :5-C,]Toluene has been prepared from [«-!4C)]pyruvic acid 
by way of dihydromethyltrimesic acid and uvitic acid in 62% yield (Hughes and Reid, /. 
Org. Chem., 1949, 14, 516; see also Schepartz and Gurin, J. Brol. Chem., 1949, 180, 663) ; 
the best recorded yield of [x-!C|pyruvic acid from barium carbonate is 40 —52%, (Calvin 
and Lemmon, quoted by Calvin et al., ‘“‘ Isotopic Carbon,” Chapman and Hall, "London, 
1949, p. 210). Two syntheses of benzoic acid have been mentioned in a review article. In 
the first, butadiene and [a3-MC 2/maleic anhydride are condensed to give 1 : 2: 3: 6-tetra- 
hydro{1 : 2-'4C,) phthalic anhydride, which is dehydrogenated and decarboxylated to give 
(1 : 2-44C,)benzoic acid [Nystrom, Loo, Mann, and Allen, quoted by Crompton and Wood- 
ruff, Nuc em 1950, 7, (3),49; (4),44). The synthesis of the maleic anhydride in ~73°%, 
yield from barium carbonate on the 10-millimole scale has now been reported in full 
(Nystrom, 4% and Leak, J. Amer. Chem. Soc., 1952, 74, 3434). In the second synthesis 
2-methyl-I : 4-[8-!4C]naphthaquinone (Collins, ibid., 1951, 73, 1038; yield 25% from barium 
carbonate) is oxidised to [8-!4C]phthalic acid, and decarboxylate d to [2 : 3- 14¢ benzoic acid 
(Collins, quoted by Crompton and Woodruff, Joc. cit.). A recent paper has described the 
preparation of | 14C )benzene via [carboxy-4C,|pimelic acid and [1-!4C}cyclohexanone in 22°, 
yield (Speer, Humphries , and Roberts, /. Amer. Chem. Soc., 1952, 74, 2443). The maxi- 
mum overall recovery of isotope in this case is, of course, 50%. Another possible inter- 
mediate in this synthesis, [2-!4C]cyclohexanone, has been prepared from cyanide, via cyclo- 
pentanone cyanohydrin and aminomethylcyclopentanol, by means of the Tiffeneau reaction 
in 20—25% yield (Arnold, U.S.A.E.C.U. 575). 

With the possible exception of that of Nystrom ef a/., none of the methods indicated 
above affords a satisfactory yield of aromatic compound on the relatively small scale (up to 
20 millimoles) most suitable for syntheses with #C. We therefore examined the aluminium 
halide-catalysed rearrangement of alkylcyclopentanes to cyclohexanes [Nenitzescu and 
Cantuniari, Ber., 1933, 66, 1097 (this paper contains a review of the early literature on the 


subject); Glasebrook and Lovell, J. Amer. Chem. Soc., 1939, 61, 1717] which appeared to 
afford a promising route to labelled benzene and its homologues. Methylcyclopentane was 
treated with water-promoted aluminium chloride under approximately the conditions 
described by Glasebrook and Lovell (loc. cit.) except that the reaction was carried out in 
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absence of air in sealed glass tubes. The composition of the mixtures obtained at 77° (sur- 
rounded by boiling carbon tetrachloride vapour) though variable, no doubt owing to in- 
complete equilibration, always contained less methylcyclopentane than would be expected 
from Glasebrook and Lovell’s results. For example, two parallel isomerisations gave mix- 
tures with 19 and 13 moles % of methyleyclopentane, these values being based on the con- 
cordant results of both refractive index (using Glasebrook and Lovell’s }-composition 
curve) and infra-red absorption measurements. As reported by Glasebrook and Lovell, 
the composition at equilibrium varies in favour of cyclohexane at lower temperatures; the 
reaction is slower, and equilibrium is only attained after several weeks at room temperature. 
The recovery of hydrocarbon was always better than 99%, and no constituents other than 
methyleyclopentane and cyclohexane were apparent from the infra-red absorption spectrum. 

The cyclohexane in the mixture was dehydrogenated satisfactorily over a platinum— 
charcoal catalyst as described by Zelinsky (Ber., 1911, 44, 3121; 1912, 45, 3678) at ~350°. 
The platinum—porous pot catalyst described by Berl and Koerber (Analyt. Chem., 1940, 12, 
175, 177) gave excellent results with pure cyclohexane, but even a small concentration of 
methyleyclopentane was sufficient markedly to inhibit dehydrogenation. Thus in experi- 
ments in which mixtures of cyclohexane and methylcyclopentane containing approximately 
4, 11-5, and 17-5%, of the latter were passed over the catalyst at 350°, the extent of dehydro- 
genation of the cyclohexane was 94, 42, and 20%, respectively. These experiments were 
carried out by vaporising the mixture in a current of nitrogen as described on p. 794. 
Under these conditions the mixture passing over the catalyst becomes progressively richer 
in cyclohexane during the experiment. Under conditions where the composition of the feed 
was constant (?.e., when the mixture was added from a dropping-funnel) results were even 
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worse; in the case of the 17-5°% mixture (above) the extent of dehydrogenation was only 
~1%. There was no permanent effect on the catalyst, and pure cyclohexane was com- 
pletely dehydrogenated immediately after a run with the mixture. 

Benzene was isolated from the hydrogenation mixture, consisting mainly of benzene and 
methyleyclopentane, by conversion into the clathrate compound with ammoniacal nickel 
cyanide solution (Hofmann and Hoéchtlen, Ber., 1903, 36, 1149; Evans, Ormrod, Goalby, 
and Staveley, /., 1950, 3346). Slight modifications were made to the procedure of Evans 
et al., including use of a greater excess of cyanide solution, and decomposition of the complex 
by dissolution in strongly alkaline potassium cyanide solution. The recovery of benzene 
from the mixture was better than 98%. As demonstrated by Evans e¢ al., very pure benz- 
ene is obtained by this method. Owing to the very large volume of aqueous solution, it 
was not possible to recover the methylcyclopentane left in the liquor. In the ##C run de- 
scribed on p. 794, this was reduced to 10°, of the total by carrying out the isomerisation at 
room temperature for several weeks. If the isomerisation is to be restricted to a few hours, 
the loss on methyleyclopentane may be as high as 20°, and recovery would be desirable. 
Preliminary experiments have shown that this can be achieved conveniently by sulphon- 
ation in a sealed tube, unchanged methylcyclopentane being readily recovered from the 
sulphuric acid—benzenesulphonic acid mixture. After isolation by the usual techniques, 
benzenesulphonic acid may be hydrolysed to benzene in almost quantitative yield by heat- 
ing it in aqueous solution in a sealed tube at a high temperature. 

14C)Methyleyclopentane was synthesised from carbon dioxide by the following steps. 
cycloPentane[4C]carboxylic acid, prepared in 95°, yield by carboxylation of cyclopentyl- 
magnesium chloride, was reduced by lithium aluminium hydride (Nystrom and Brown, J. 
Amer. Chem. Soc., 1947, 69, 2548) to cyclopentyl{4C]methanol in 94-5% yield. Dehydra- 
tion over activated alumina at 320° gave a mixture of olefins which on hydrogenation gave 
(14C)methyleyclopentane containing about 34% of [!#C,|cyclohexane. This mixture was 
obtained in ~94°%%, yield from the alcohol. The overall radiochemical yield of benzene 
from carbon dioxide was 75%; the 25°, loss includes the methylcyclopentane not re- 
covered. The synthesis was carried out on the scale of 60—-87 millimoles, but there would 
be no difficulty in reducing this to about 20 millimoles without changing the techniques 
adopted. Apart from the use of “‘ chasers ”’ to increase the recovery of isotopic material, 
no dilution of isotope is involved in the synthesis. Even when “ chasers ”’ are used, overall 
dilution need not exceed ~20%. 

A preliminary report of this work has already been published (Turner, Nature, 1951, 


168, 73). 


EXPERIMENTAL 

Geneval.—The vacuum manifold used in this work was described in Part I (J., 1950, 5167). 
Samples were converted into carbon dioxide for counting by a modification of the usual micro- 
technique, based on that of Naughton and Frodyma (Analyt. Chem., 1950, 22, 711), similar 
to that described by Anderson, Delabarre, and Bothner-By (ibid., 1952, 24, 1298). The 
counting technique has been reported by Audric and Long (Chemical Research Laboratory, 
Teddington, Scientific Report CRL/AE 51). Enough counts were taken to give a standard 
error of less than +1°%) The standard deviation of a long series of results on samples of carbon 
dioxide generated from a standard barium carbonate sample was +1-:2%. Specific activities 
(s.a.) are quoted in microcuries per millimole (uc/mm) and total activities in millicuries (mc). 

cycloPentane!"@Cj\carboxylic Acid—Carbon dioxide was generated from barium carbonate 
(0-222 g. of Ba4CO, of nominal activity 3 mc, plus 17-233 g. of ““ AnalaR ”’ barium carbonate ; 
88-5 millimoles total if 100% pure) by addition of 45°, perchloric acid, in the apparatus shown 
in Fig. 1 of Part I (/oc. cit.), swept in a current of nitrogen into traps 6 and y, and there condensed 
at —196°. It was dried by sublimation between vessels at —80° and —196° in a high vacuum. 
After removal of an aliquot for radio-assay the residue (87-1 millimoles; 2-42 mc; s.a. 27-8) was 
stored at —196° until required. 

cycloPentylmagnesium chloride was prepared in the apparatus shown in Fig. 1, T, being 
closed throughout the preparation, from cyclopenty] chloride (12-8 ml., 123 millimoles) and mag- 
nesium turnings (3-3 g., 136 millimoles, 10° excess) in anhydrous n-butyl ether (85 ml.) under 


nitrogen. The condenser B was charged with solid carbon dioxide, and the reaction mixture 
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was stirred magnetically. When preparation of the Grignard compound was complete, the con- 
denser was removed, and anhydrous n-butyl ether (250 ml.) that had previously been out-gassed 
in vacuo and stored under nitrogen was added against a counter-current of nitrogen; B was 
then replaced by an induction stirrer, similar to that described by Calvin et al. (op. cit., p. 336), 
bearing a small link stirrer. 7, was then closed, 7, and T, were opened, and the apparatus was 
evacuated by cautiously opening T, while the solution was stirred. After a few minutes’ pumping 
at room temperature, the Grignard solution was cooled to —35° and pumping continued until 
the pressure in the system had fallen to below 10°? mm., and did not increase on isolation of the 
system from the pumps; 7, was then closed, and the carbon dioxide allowed to evaporate into 
the vacuum manifold (vol. with storage bulb, 2700 ml.), giving a pressure of ~60 cm. The 
solution was stirred vigorously, and 7, opened. After ~ 3 min. the pressure had fallen to 2 cm. ; 
T, was therefore closed, and the carbon dioxide condensed 

Fic. | into a system of volume 125 ml. in which on evaporation it 

gave a pressure of 40cm. 7, was again opened ; within 5 min. 
( the pressure in the system had fallen to below 104mm. The 
L +7 reaction mixture was allowed to warm to — 20° and stirred for 
ro 45 minutes, after which it was poured on crushed ice (750 g.) 


Vacuum manifold 


< ) ihe : P : ~ 
Mg(ClO4)2 containing sodium hydroxide (7 g.) in a 1500-ml. flask, the 


reaction vessel being rinsed by 2N-sulphuric acid (30 ml.) and 
n-butyl ether (30 ml.). The product was evaporated through 
an efficient splashhead until the volume was reduced to 150 ml., 
thereby removing the butyl ether, after which silver sulphate 
(25 g.) and 10N-sulphuric acid (75 ml.) were added, and the 
whole was steam-distilled, the distilling flask being heated in 
an oil-bath. The distillate (500 ml. in all) was collected in the 
flask of a continuous extractor, saturated with sodium chloride, 
and extracted with ether for 36 hours, with magnetic stirring. 
After drying by refluxing over anhydrous calcium sulphate ina 
Soxhlet apparatus, the ether was evaporated through a 30-cm. 
Vigreux column, and the residue transferred to a 25-ml. 
distilling flask with a 14-cm. Vigreux column and a sealed-on 
condenser. The acid was collected at 112—-115°/19mm. The 
yield was 9-48 g. (83-2 millimoles; 2-30 mc; s.a. 27-6; radio- 

chemical yield from carbon dioxide, 95%). 
The same synthesis on the scale of 20 millimoles gave 
a radiochemical yield of 96%, a small ‘“‘chaser’’ of pure 
/ _  eyclopentanecarboxylic acid (~4 millimoles) being used to 
/ Magnet’ ensure a high recovery of labelled acid in the distillation. 

es A capsule = a 3 : 
SS The dry ethereal solution of cyclopentanecarboxylic acid could, 
of course, be used directly in the next stage. 

cycloPentyl|4C)methanol.—_Lithium aluminium hydride (5-0 g.; ca. 130° excess) was added 
to anhydrous ether (250 ml.) in a 500-ml. 2-neck flask, fitted with a dropping-funnel and a 
double-surface water condenser surmounted by a cold-finger condenser (B in Fig. 1) containing 
solid carbon dioxide, through which a slow current of dry nitrogen was passed. The liquid was 
stirred by means of a large magnetic capsule, and refluxed until the hydride had dissolved, after 
which the flask was chilled in an ice-bath, and cyclopentane[C]carboxylic acid (8-52 g., 74:7 
millimoles; 2-06 mc) in anhydrous ether (50 ml.) added gradually during 30 min.; the dropping- 
funnel was rinsed into the flask with a little ether. After 90 min.’ stirring at 0°, water (10 ml.) 
was added cautiously, followed by ice (100 g.) and 10N-sulphuric acid (65 ml.)._ When the liquid 
was quite clear the whole was siphoned into a 500-ml. separating funnel, and the lower layer 
removed and further extracted with ether (5 x 25 ml.). Extractions were carried out by 
mechanical stirring through the neck of the funnel. The combined ethereal solutions were 
stirred in this way with saturated potassium carbonate solution (2 x 10 ml.) and dried by trans- 
ferring them to the flask of a Soxhlet extractor and refluxing over (a) anhydrous potassium 
carbonate and (b) anhydrous calcium sulphate. The ether was removed through a 12’’-Dufton 
column, and the residue distilled in the apparatus used for the distillation of the cyclopentane- 
carboxylic acid. The receiver consisted of a 25-ml. B14 dropping-funnel with a 1-mm. capillary 
tap. The material appeared to consist only of ether and cyclopentylmethanol, the latter being 
collected at 159—161°/760 mm. When distillation ceased, and alcohol held up in the column 
had been driven over by cautious flaming, pure non-isotopic cyclopentylmethanol (1-00 ml., 


| 
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0-93 g.) was added to the distilling-tlask, and the process repeated. The total distillate (7-985 g., 
79-85 millimoles; nj} 1-4572) was thoroughly mixed, and a sample converted into the a-naph- 
thylurethane, m. p. 87-5—88° (Found: C, 75:7; H, 7-0; N, 5:3. C,,H,,O,N requires C, 75:8; 
H, 7-1; N, 52%. S.a. 24-6, corresponding to a total activity of 1-96 mc, the alcohol being 
assumed to be 100% pure. This is equivalent to a radiochemical yield of 95%). 

On the scale of ~20 miilimoles, a radiochemical yield of 96-5°% was obtained. In this case 
the use of a 4-millimoles “ chaser ’’ in the distillation did not significantly increase the recovery 
of isotope. 

Dehydration of cycloPentyl}4C)methanol.—The dropping funnel containing the alcohol (7-81 
g., 78-1 millimoles) from the preceding stage was attached, as indicated in Fig. 2a, to the top of a 
vertical Pyrex tube, 80 x 1:3 cm., packed with 50 cm. of 7—10-mesh granulated alumina 

Spence’s Type N), preceded by a 7-5-cm. preheating section of Pyrex-glass beads. Before use 
the alumina was heated to 400° for 18 hours in a current of hydrogen. This was replaced by a 
slow stream of oxygen-free nitrogen, the temperature adjusted to 320°, and the alcohol added 
dropwise during 1 hour. The last traces of alcohol were carried down by passing the gas stream 
through the funnel while warming it in a current of hot air. The products of the reaction were 
collected in two traps, the first cooled to —78°, the second to — 196°. Sweeping was continued 
for ~1} hours, after which the traps were attached to a vacuum-manifold, and the contents 


Fic. 3. 


Fic. 2. 
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were distilled into a vessel (see Fig. 2b) containing potassium hydroxide pellets (~5 g.). The 
stopcock and the joint were lubricated with fluorocarbon grease FCD 759. The vessel and 
contents were detached from the manifold, warmed to room temperature, and shaken for a few 
minutes. After re-attachment to the manifold, the flask was cooled to — 30° and the hydrocarbon 
distilled into a weighing trap (Fig. 2c). The yield of slightly moist product was 6-06 g. (94-5% 
from the alcohol). In non-radioactive runs the product had n? 1-4350. The treatment with 
potassium hydroxide described above was found to be the most convenient means for the re 
moval of relatively large amounts of water from these hydrocarbon samples with minimum loss 

Hydrogenation of the Olefin.—The olefin from the previous stage (6-06 g.) was distilled in 
vacuo into the reservoir F of the vaporiser unit E (Fig. 3) through the 3-way adaptor D, the B10 
cone being closed by a cap at this stage (T,, position a). While F was kept at —78°, hydrogen 
was admitted into the vaporiser, through T,, 7, afterwards being turned to position b. The 
cap was removed, and a current of hydrogen passed in while the apparatus was attached to the 
B14 socket of an 80 x 1-3 cm. Pyrex tube, packed with 50 cm. of nickel oxide on 8—20-mesh 
pumice (to give on reduction a 10% nickel content), with a 7-5-cm. preheating section of Pyrex- 
glass beads. After displacement of the air, the catalyst was reduced in a stream of hydrogen at 
400° for about 3 hours, and thereafter kept at 150°. With 7, in position c, the reservoir F was 
heated in a bath at ~50°, and the olefin carried through the catalyst tube in an excess of hydrogen. 
The leads to the catalyst tube were kept at 90° by means of an Electrothermal heating tape. 
The product was collected in two traps as used in condensing the olefin (above). The vaporis- 
ation required 3} hours, and the system was swept out for a further 3 hours. The product was 
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distilled into a trap (Fig. 2b) containing glass beads and phosphoric oxide (2 g.). After being 
shaken at room temperature it was distilled into a weighing trap (yield 6-17 g., 94% from the 
alcohol). In non-radioactive runs this product had n?? 1-4149, and gave no yellow colour with 
tetranitromethane in carbon tetrachloride. It was shown by infra-red analysis to be a mixture 
of cyclohexane and methyleyclopentane, containing 34 + 3% of the former. The refractive 
index corresponds to a cyclohexane content of 30%, a linear relation being assumed between 
composition and refractive index. 

Isomerisation.—The flask G (Fig. 2d) was charged with glass beads (~10 g.) and carefully 
dried. After addition of aluminium chloride powder (Hardy and Grant, B.P. 678,563; 0-75 g.), 
the neck was constricted at x—y, and the product from the previous stage (6-17 g.) and water 
(0-03 ml.) were distilled into it in vacuo. The flask was sealed at the constriction, and warmed 
to room temperature, and by warming the neck and cooling the bulb of the flask the water was 
brought into contact with the aluminium chloride. The isomerisation was then carried out as 
follows: the flask and contents were (1) heated for 5 hours in refluxing carbon tetrachloride, 
(2) shaken at ~30° for 2 weeks followed by 4 weeks at ~20°, and (3) kept at 10—15° for 5 weeks. 
The flask was then cooled to — 196°, opened above the joint, and connected to a vacuum mani- 
fold through an adaptor packed with glass-wool. The contents were distilled (1) into a trap 
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(Fig. 2b) containing moist potassium hydroxide pellets (2 g.) and shaken at room temperature ; 
2) dried over phosphoric oxide as previously described; and (3) transferred to a weighing trap. 
The yield was 6-13 g. (93-5% from the alcohol). The material had n?) 1-4244; on the basis of 
Glasebrook and Lovell’s results (loc. cit.) this corresponds to 90°% of cyclohexane. 

Dehydrogenation.—Catalyst. Granular activated charcoal (B.D.H. ‘‘ For gas analysis,” 
10—16 mesh) was boiled twice with 5% aqueous nitric acid, washed thoroughly with water, 
dried at 100°, and finally heated to dull redness in vacuo. This charcoal (15-1 g.) was immersed 
in a solution of H,PtCl,,6H,O (9-0 g.) in water (50 ml.), and the whole evaporated to dryness 
with stirring. The impregnated charcoal was charged into a 9-mm. bore Pyrex tube carrying a 
B10 socket and a B14 cone, filling 54 cm. The catalyst was reduced in a current of hydrogen 
for 12 hours at 135°, and for 4 hours at 380°, after which the hydrogen was replaced by oxygen- 
free nitrogen (a commercial grade). 

Dehydrogenation. The isomerisation mixture (6-10 g.) was distilled into the vaporiser (Fig. 
3) as described previously. The contents were kept at —80° while the apparatus was connected 
to the catalyst tube against a counter-current of nitrogen, and afterwards were volatilised and 
passed over the catalyst, heated to 360°, in a slow current of nitrogen, the reservoir F being 
immersed in a bath at 65—75°. The dehydrogenated product was collected in two traps, as 
described for the preparation of the olefin. The volatilisation required 24 hours; sweeping 
out was continued for another 44 hours. After drying over phosphoric oxide 5-49 g. of product 
were obtained, having 1% 1-4925. 
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Formation of the clathrate compound. The dehydrogenation product (5-24 g.) was distilled 
into a thin-walled soda-glass ampoule and sealed off. Ammoniacal nickel cyanide solution was 
prepared as described by Evans e¢ al. (loc. cit.) from 0-25 mole of nickel sulphate, and 450 ml 
were charged into a heavy-wall narrow-mouth bottle (a l-pint milk bottle). The ampoule was 
carefully placed within the bottle, which was closed by a rubber stopper covered with aluminium 
foil; vigorous shaking caused the ampoule to break, after which shaking was continued for 16 
hours at room temperature. The bottle and contents were chilled to 0° for an hour before the 
contents were filtered into a sintered crucible (porosity 4), the sinter of which was covered by a 
disc of filter paper. A few drops of methanol were added towards the end of the filtration to break 
the foam. The complex was washed with water, methanol, and anhydrous ether, and dried in 
vacuo in a small desiccator (CaCl,). 12-68 G. of dry complex were obtained, 12-58 g. of which 
were used in the next stage. During the filtration of the complex the filter-flask had been 
connected to vacuum through three traps, the first and the last at — 80°, and the second at — 196°. 
At the end, the contents, mixed with pure benzene (5 ml.) as carrier, were shaken with cyanide 
solution (450 ml.). The complex (10-8 g.; s.a. 0-31) obtained in this way had a total activity 
of 16 uc, or about 1°, of the total activity in benzene. 

4C, Benzene. The compound (12-58 g.) was transferred to the bulb of the apparatus illus- 
trated in Fig. 4. A solution of ‘“ AnalaR ”’ potassium cyanide (13-5 g.) and potassium hydroxide 
(3-5 g.) in water (35 ml.) was added to the complex, the first trap cooled to —80°, a stream of 
nitrogen passed through the apparatus, and after displacement of air, the second trap cooled to 

196°. The flask was heated in a bath at 90°, and the benzene liberated distilled under partial 
reflux into the traps during 34 hours. In order to avoid blockage, the central tubes of these 
traps were of wide-bore tubing. The distillation flask was detached from the first trap, which 
was closed by a stopper and evacuated via T;. By closing T, and distilling the contents several 
times between the two traps, at intervals cooling both, and evacuating, entrapped permanent 
gas was removed. The whole was then distilled through the manifold into another trap (Fig. 
2b), containing syrupy phosphoric acid (10 ml.), at —196°. When distillation was complete, 
the liquid-nitrogen cooling bath was replaced by carbon dioxide—methanol, and trap H cooled 
to —196°. The bulk of the ammonia from the decomposition of the complex distilled into H, 
and was thus separated from the benzene and water. After being shaken at room temperature, 
the benzene (containing some water) was distilled into a similar trap containing powdered 
potassium hydroxide (5 g.), and then dried over phosphoric oxide. The dry product was distilled 
into a weighing trap (yield 4-645 g., 81° chemical yield from cyclopentyl{*C|methanol, after 
allowance for samples removed). For assay of radioactivity, 67-45 mg. of this product were 
diluted to 8-747 g. with pure benzene, and aliquots were burned and counted, giving a total 
activity for the 4-645 g. of product of 1-51 mc (s.a. 25-4). With allowance for samples, this 
represents a 75% recovery of isotope from carbon dioxide. 

A freezing-point determination was carried out in the apparatus shown in Fig. 5. The 
benzene (4-6 g.) was distilled into it 72 vacuo, the thermometer (Anschiitz, graduated in 0-2) 
being in the position shown; 7, and the joints were lubricated with fluorocarbon grease FCD 
759, and the Neoprene sleeve with a little Silicone high-vacuum grease. With 7, closed, the 
benzene was allowed to melt, after which the thermometer was lowered into it, and a freezing- 
point determination carried out in the usual manner, the stirrer being operated magnetically. 
A value of 5-4° was obtained. Under the same conditions a sample of 99-99% benzene melted 
just perceptibly higher (~0-025°). The [14C,)benzene had nf 1-5010; the refractive index of 
the pure benzene was not perceptibly different on the same instrument. 
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mission of the Director. 


CHEMICAL RESEARCH LABORATORY, D.S.I.R., 
TEDDINGTON, MIDDLESEX. Received, November 4th, 1952 


Meggy: The Polymerization of 6-Hexanolactam. 


163. The Polymerization of 6-Hexanolactam. 
By A. B. Mececy. 


fhe polymerization of 6-hexanolactam can be interpreted in terms of two 
equilibrium constants: k, determines the ratio of monomer to polymer at 
equilibrium, and k, the chain length of the polymer. From the change of k, 
and k, with temperature the approximate values of AH and AS for the 
reactions involved can be calculated. The results are used for calculation of 
the chain length of the polymer in equilibrium with liquid water at 220—280°. 


GEE (Trans. Faraday Soc., 1952, 48, 515) has shown that the marked change in the 
viscosity and other physical properties of liquid sulphur in the neighbourhood of 170° can 
be interpreted quantitatively by assuming that S, rings are transformed into chains of 


great length. 
Many cyclic organic compounds are readily transformed into linear polymers; among 


these 6-hexanolactam is of especial interest, since the polyamides obtainable from it have 
valuable properties for the production of textile fibres. Information on the production 
and properties of these polymers is contained in B.1.0.S. Report 1472, and the data from 
that report form the basis for the calculations in this paper. 

The polymerization of 6-hexanolactam involves the hydrolysis of | mol. to the acid, 
followed by addition of successive molecules of lactam to the terminal amino-group. In 
this way chains of any length can be built up: lactam -++- n-mer ==> ( ++ 1)-mer. Hence, 

{lactam ||”-mer] 
[(m + 1)-mer] i 

It may be assumed that all terminal amino-groups will be equally reactive towards the 
lactam if the chains are more than two or three units long, since the effect of one end of 
the chain is unlikely to be propagated to the other through more than 15 or 20 bonds. 
It follows that £, will be independent of », the chain length of the reacting polymer. 

If g is the number of hexanolactam units in the chains per terminal amino-group, ?.¢., 
the average chain length of the polymer, the weight fraction (w,) of chain length 1 is 
given by (Flory, Chem. Reviews, 1946, 39, 174) 

Wy = (/g?)(1 — 1/q)"~? 
Hence the molar ratio of -mer to (# + 1)-mer is 
Wy n+ 1 


Win +1) n 
lor large values of g this expression approaches I, so that for high degrees of polymerization, 
6-hexanolactam kiq/(q — 1) = &y, approx. 
t.e., the equilibrium constant k, is approximately equal to the mol.-fraction of 
monomer in the polymer at equilibrium. The mol.-fraction of hexanolactam as 
monomer is given by [{hexanolactam as monomer]/[total hexanolactam], and as the 
weight of the end groups (H and OH) is small, it may be neglected; , is then 
approximately equal to the weight fraction of monomer in the monomer—polymer mixture 
at equilibrium. 
TABLE I. 
log k, log k, 
ky log k, (from eqn. 1) | Os ky log k, (from eqn. 1) 
0-15 0-824 — 0-824 493 0-10 —1-00 — 1-00 
0-125 0-903 ~0-904 433 0-03 (0-06) 1-523 — 1-224 
In Table | are given the weight fractions of monomer in equilibrium with polymer at 
four different temperatures (B.1.0.S., 1472, 14). 
It can be seen that the first three points lie on a straight line, given by the equation 
logh, = 060% -—-800/T .........@ 


rhe fourth point lies off this line. As it takes about two months to reach the monomer-— 
polymer equilibrium at this temperature, 160° c, it is possible that equilibrium was not 
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in fact obtained. The calculated value for k, at this temperature is 0-06. The 
approximate value for AH, the heat of reaction, in the temperature range 493—553° K is 
— 3560 cal. mole, and the entropy AS is —2-85 cal. mole! deg“. 

For a reaction which merely involves the rearrangement of the amide bonds, and does 
not involve any significant change in the number of bonds or their type, the value of 
—3560 cal. for the heat of reaction may appear surprisingly large. However, if the 
polymerization of hexanolactam is catalyzed by alkali so that it takes place rapidly, the 
temperature may rise as much as 30°. The molecular weight of hexanolactam being taken 
as 113, and a specific heat of 0-5 being assumed, this indicates a heat of reaction of not less 
than 1700 cal. per mole to produce the observed temperature rise. A value of 3560 is 
therefore quite possible. It would appear that in hexanolactam the ring system is slightly 
strained, and that during polymerization the strain energy is released, the polymer being 
strainless. 

Eqn. (1) gives the proportions of hexanolactam as monomer and polymer, but conveys 
no information as to the degree of polymerization of the polymer. It is possible for the 
monomer to be in equilibrium with a few long chains, or many short ones. The number 
of end groups, CO,H and NHg, is determined by the reaction H,O + -CO-NH- =» 
-CO,H + —-NH,g, #.e., 

[H,O}[(-CO-NH-]/[-CO,H}[-NH,] = Ay. 
The activity of water in the system may be defined by the partial pressure of water vapour, 
Px,0- 

The mol.-fraction of polymer in an equilibrium mixture of monomer and polymer is 
given by (1 — &,), and if the average chain length of the polymer is , [-CO,H) = 
[-NH,] = (1 — 2,)/n. The mol.-fraction of amide groups is 1 — (1 — k,)/n 
(x + k, — 1)/n, whence 

Rk, = [Puyo] . n(n + &, — 1)/(1 — &,)? 
Since f, is less than 1, and small compared with n, 
hy = (Pao) (wp — $)8/(1 — 4,8 eee ee eB) 

In Table 2 are given data for the temperature, pressure, and degree of polymerization 

of hexanolactam (B.1.0.S., 1472, 15). In applying eqn. (2) to the data it will be assumed 


TABLE 2. 
log ky 
i, Pu,o n ky log ky 108/T (from eqn. 3) 
(1) 541 1-00 180 0-140 4-639 1-848 4-76 
(2) 532 0-803 210 0-132 4-672 1-879 4-68 
(3) 524 0-645 22% 0-125 4:628 1-908 461 
(4) 513 0-500 220 0-116 4-489 1-949 4°51 
(5) 503 0-368 230 0-108 4-387 1-988 4-41 
(6) 497 0-283 260 0-103 4:375 2-012 4:35 
(7) 480 0-178 500 0-091 4-729 2-084 4:17 


that the whole of the vapour pressure is due to water vapour. Col. 4 gives the value of 
k, at the given temperature, calculated from eqn. (1), and col. 5 the value of log &, calculated 
by means of eqn. (2). 

When log fy is plotted against 1/7, the points (except the first and last) lie approximately 

on a straight line, given by the equation 

logiks: = 949 — 2000/7) cuss (ee eee eee 
For the first reading to lie on this curve, the value of » would have to be 207, and for the 
last point to fit, # would have to be 263. By almost any test these two points are not 
consistent with the other five. 

From eqn. (3) the heat of reaction is approximately —11,500 cal. per mole, and the 
change in entropy —43 cal. mole! deg.-!. This is for the reaction with water vapour ; 
to obtain the heat of reaction and change in entropy for the reaction with liquid water, it 
is necessary to deduct the latent heat and entropy of evaporation of water from these 
figures. At 250°, these are 7370 and 14-1 cal., respectively, so the value for AH 
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for the reaction with liquid water is about —4000 cal. per mole and AS is about 
29 cal. mole“! deg.“}. 

If a solution of hexanolactam in water is heated to 250°, polymerization takes place, 
and the solution separates into two phases, one consisting of lactam in water, the other of 
lactam in polymer, with possibly some water. Since the polymer is in equilibrium with 
hexanolactam, the system is one of two components, lactam and water, with two liquid 
phases and a vapour phase. It will therefore have only one degree of freedom, and the 
composition of the polymer phase, including the chain length of the polymer, will be a 
function of the temperature, but will be independent of the amount of water present, so 
long as there are two liquid phases. 

The chain length of the polymer at any temperature can be calculated from eqn. (2), by 
inserting the appropriate values of k, and ,, calculated from eqns. (1) and (3), and putting 
for Py,0 the pressure of steam over pure water at that temperature. Strictly, the fugacity 
of steam over the system should be used, but the data required to calculate this are not 
available. The use of the pressure as the best approximation appears reasonable. In 
Table 3 the values for k,, log kg, and » are calculated for the range 220—2s0°. 


TABLE 3. 
Pu,0 ky log k, n ae 2 oe” hao ky log Ry 
280 553 63-4 0-15 4:86 29-2 240 513 33-0 0-116 4-51 
260 533 46-3 0-132 4-69 28-7 220 493 22-9 0-10 4:31 


It will be seen that in the presence of an aqueous phase the degree of polymerization is 
low, and does not alter very rapidly with temperature. The same equilibrium should be 
obtained on heating an aqueous solution of 6-aminohexanoic acid. It is stated (B.I.0:S., 
1472, 18) that when a 60% solution of hexanolactam is heated to 250°, a polymer separates 
rapidly, having an average chain length of 10. From Table 3 the equilibrium value 
should be 28, but it is possible that in the process reported equilibrium was not attained. 


The author is indebted to Messrs. Brotherton Ltd., of Leeds, for a Research Fellowship. 
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164. The Degradation of Mannich Base Oximes. 
By Zu-YoonGc Ky1 and WALTER WILSON. 


Numerous oximes are made from Mannich bases; alkaline degradation of 
the oxime methiodides yields «8-unsaturated oximes and A?-isooxazolines, in 
proportions depending on the nature of the compound and of the solvent. In 
aqueous alkali, «f-unsaturated oximes are produced, but, in alcoholic alkali, 
A*-isooxazolines often predominate. The ultra-violet absorption properties 
of the unsaturated oximes and A?-isooxazolines are discussed. 


A?-PyYRAZOLINES are formed in the reaction between Mannich bases and hydrazines 
(e.g., Blicke, Org. Reactions, 1942, 1, 319; Nisbet, J., 1945, 126; J. Pharm. Pharmacol., 
1952, 4, 294; Beech, Turnbull, and Wilson, /., 1952, 4686). With hydroxylamine, 
Mannich bases form normal oximes (Mannich et al., Ber., 1920, 58, 1876; 1922, 55, 359, 
3515; Arch. Pharm., 1917, 255, 261; 1926, 264, 164; 1927, 265, 589, 598). It seemed 
that under suitable conditions, A?-isooxazolines might be formed instead of Mannich base 
oximes, or that the latter could be transformed into ‘sooxazolines. 

The series of Mannich bases (I; R’ = Me) and (II; R’ = CHPh, or Ph) with hydroxyl- 
amine under a variety of conditions, yielded the expected oximes (III) and (IV); these 
were much more stable than the parent bases. The Mannich bases (I; R’ = CH,Ph) 
derived from dibenzyl ketone behaved less simply; normal oximes were obtained from 
the morpholino-base (NR, = morpholino) under the above variety of conditions, and from 
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the dimethylamino- or diethylamino-bases (R = Me or Et) and hydroxylamine hydro- 
chloride alone or in pyridine. However, with hydroxylamine hydrochloride-sodium 
acetate, the two latter bases afforded the same unidentified neutral compound, m. p. 101— 
102°, and small amounts of the expected normal oximes. The compound, m. p. 101—102°, 
had the composition of the «$-unsaturated oxime or the ‘sooxazoline of this series, but its 
properties were not consistent with either structure. 


(I) R‘“CO-CHPh-CH,:NR, 
(III) R’C(:N-OH)-CHPh-CH, NR, 


The Degradation of Mannich Base Oximes. 


R’-CO-CH,CH,-NR, (I) 
R“-C(:N-OH)-CHyCH,'NR, (IV) 


The Mannich base oximes were usually isolated as hydrochlorides, then converted 
through the free bases into the methiodides. It seemed possible that tsooxazolines could 
arise from the methiodides by internal O-alkylation [cf. the formation of tsooxazolines from 
8-chloro-ketones and hydroxylamine (von Auwers and Miiller, J]. pr. Chem., 1933, 187, 102) 
which probably proceeds via the $-chloro-oximes}. 

Only the corresponding a$-unsaturated oximes (V) were obtained by treating the 
methiodides of (III; R’ = Me and CH,Ph) with aqueous or alcoholic alkali. The 
methiodides of (IV; R’ = CHPh, and Ph) yielded mixtures of the «$-unsaturated oximes 
and the tsooxazolines on alkaline degradation; the composition of the mixture depended 
on the solvent. The methiodides of the oximes (IV; R’ = Ph, NR, = NMe, or 
morpholino) with aqueous alkali afforded the «$-unsaturated oxime (VI; R’ = Ph), but 
with alcoholic alkali 3-phenyl-A?-1sooxazoline (VIII; R’ = Ph) was obtained. The 

R-C(:NOH)CH:CH, R’@-CHPh-CH, = R“C-CH,'CH, th san 
 caeemmciaes 2 Na) NE 
(VII) (VIII) (VIIIA) 


R’-C(N-OH)-CPh:CH, 


(V) (VI) 
methiodides of the two oximes (IV; R’ = CHPh,, R = Me and Et) behaved similarly, and 
mixtures were obtained in which either the «$-unsaturated oxime (VI; R’ = CHPhg) or 
the zsooxazoline (VIII; R’ = CHPh,) predominated. The methiodide of the morpholino- 
base (IV; R’ = CHPh,, NR, = morpholino) yielded only the tsooxazoline. 


Amax., Mp (€) 


Compound y 
Ph,CH-CMe:N-OH ! <210 * (>20,050) 
/CHy CH; 

: | <210 * (>18,900) 
\n—o 

(em 
Ph:C< <212 * (>11,500) 

\x—6 

/CHyCHPh 

co) 

\N—O 
Ph:CMe:N-OH 2 
Ph:C(:N-OH)-CH:CHPh 3 


Ph,CH-C 


<210 * (>18,700) 


<210 * (> 16,500) 


Ph,C:CH*CMe:N:OH $ 


260 (550) 


260 (340) 


263 (12,800) 


262 (14,200) 


245 (10,900) 
221 (12,850) 
290 (19,500) 
232 (13,700) 
288 (17,800) 


Amin. My (€) 
245 (380) 


250 (270) 


227 (2,800) 


230 (3,850) 


215 (12,400) 
239 (9,900) 
220 (12,900) 


255 (8,000) 
Ph,CH:C(°N-OH)-CH:CH, - 
CH,Ph-C(-N-OH)-CPh:CH, <210 * (>22,700) 
CMe(:N-OH):CPh:CH, <210 * (>14,100) - - 
CPh(:N-OH)-CH:CH, 214 (12,100) 240 (8,940) (inflexion) 
Compound, m. p. 102°, -910* (+18 9 PAs os 
NR,-CH,-CHPh:CO-CH,Ph <210 * (>15,200) 
* Max. beyond the lowest accurate range of instrument used. 
1M. p. 161—162° (Stoermer, Ber., 1906, 89, 2303). 2 M. p. 59° (Derick and Bornmann, /. Amer. 
Chem. Soc., 1913, 85, 1287). 3 M. p. 115—116° (von Auwers and Miiller, J. pr. Chem., 1933, 187, 71). 
4 M. p. 92-5—94° (Wilson and Kyi, J., 1952, 1325). 5 M. p. 74° (von Auwers and Miller, loc. cit.). 


<210 * (>21,700) a 


The isooxazolines obtained in these experiments contained no active hydrogen 
(Zerewitinoff) and have been assigned A®-structures (VII and VIII); A*-structures (e.g., 
VIIIA) of the type extensively employed, but without adequate proof, by Barnes and his 
co-workers (J. Amer. Chem. Soc., 1945, 67, 132, 134, 138; 1947, 69, 3129, 3132, 3135; 
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cf. Blatt, 2bid., 1949, 71, 1861) are improbable. The tsooxazolines are insoluble in acids 
and in alkalis, whereas the isomeric «-unsaturated oximes are usually soluble in alkalis, 
and have one active hydrogen atom (‘N-OH group). The unsaturated oxime (VI; R’ = 
CHPh,) is anomalous and does not dissolve in alkalis; however, it has one active hydrogen 
atom, and furthermore, 1 : 1-diphenylacetoxime, Ph,CH*CMe:N-OH, which is closely 
related, is also insoluble in alkalis. 

The ultra-violet absorption characteristics (Table) of the «$-unsaturated oximes and 
isooxazolines are consistent with their structures. The ¢sooxazoline (VIII; R’ = CHPh,) 
and 1: 1-diphenylacetoxime are similar in structure and have similar light absorption 
curves. The main absorption band of 3-phenyl¢sooxazoline (VIII; R’ = Ph) at 263 mu 
can be attributed to the Ph°C:N chromophore; similar bands are present in the curves of 
3 : 5-diphenylisooxazoline and of acetophenone oxime which also contain this chromophore. 
In the a$-unsaturated oxime series the introduction of a cross-conjugated phenyl group 
does not notably alter the absorption. However, an additional phenyl group in extended 
conjugation introduces an intense band near 290 muy. 

Several of the Mannich base oximes and methiodides have been examined by Dr. P. B. 
Marshall; the pharmacological activities were similar to those already reported for the 
parent Mannich bases (Marshall, Ahmad, and Weston, Brit. J. Pharmacol. Chemotherap., 
1952, 7, 85), but the oximes often had enhanced spasmolytic activity, and some spasmogenic 
effects were observed. 

EXPERIMENTAL 

Ultra-violet absorption measurements were made on solutions in ethanol, with a Unicam 
SP500 spectrophotometer. 

The Mannich bases were prepared by Wilson and Kyi’s method (/., 1952, 1321); some 
revision of the m. p.s is necessary. 4-Dimethylamino-3-phenylbutan-2-one hydrochloride had 
m. p. 137—140° (slow heating) or m. p. 149—151° (rapid heating), and on long storage 
spontaneously changed into an unidentified substance, m. p. 168—170°. 4-Dimethylamino-3- 
phenylbutan-2-one picrate had m. p. 114—115° after repeated recrystallisation ; the methiodide 
had m. p. 190—191°, resolidified and remelted at 249—-252°; the second m. p. is probably that 
of impure trimethylammonium iodide (lit., m. p. 263°). 3-Phenyl-4-piperidinobutan-2-one 
hydrochloride had m. p. 168°, resolidified and remelted at 223°, the picrate m. p. 121—123°, and 
the methiodide m. p. 175—-176°._ The hydrochloride (2 g.), when heated at 200° for 15 minutes, 
cooled, triturated with acetone, and recrystallised from ethanol, gave piperidinium chloride 
(0-8 g., 97%), m. p. 245—246° (lit., m. p. 244——245°). The primary m. p.s of many of these 
Mannich base salts are decomposition temperatures, not true m. p.s. 

4-Dimethylamino-3-phenylbutan-2-one Oxime Hydrochloride.—4-Dimethylamino-3-phenyl- 
butan-2-one hydrochloride (23 g.), with hydroxylamine hydrochloride (14 g.) in water (100 c.c.) 
at 70—80° for 10 minutes, gave, on cooling, the oxime hydrochloride (21 g., 77%) which formed 
glistening flakes, m. p. 179—180°, from ethanol (Found: C, 55-6; H, 7:8; Cl, 13-7. 
C,.H,,ON,,HCI,H,O requires C, 55:3; H, 8-05; Cl, 13-6%). The free ovime formed needles, 
m. p. 86—87°, from light petroleum (b. p. 60—80°)-ethyl acetate (Found: C, 69-9; H, 8-7. 
C,.H,,ON, requires C, 69-9; H, 8-7%), and the picrate had m. p. 145—146° (from ethanol- 
ethyl acetate) (Found: C, 49-8; H, 4:9. C,,H,,ON,,C,H,O,N, requires C, 49-7; H, 4:8%). 
The methiodide was obtained from the base and excess of methyl iodide in ethanol, as cubes, 
m. p. 211—212° (Found: C, 44-9; H, 5:9. C,.H,,ON,,CH,I requires C, 44-8; H, 6-0%). 

The following oximes were obtained and crystallised similarly, unless otherwise stated : 
4-Diethylamino-3-phenylbutan-2-one oxime hydrochloride (58% yield), m. p. 158—159° 
(from isopropanol) (Found: C, 62-1; H, 8-6. C,,H,,ON,,HCl requires C, 62:1; H, 8-5%) 
(base, m. p. 48-5—49° (Found: C, 72-2; H, 9-7. C,,H,,ON, requires C, 71:8; H, 9-4%); 
picrate, m. p. 150—151° (Found: C, 51-7; H, 5-4. C,,H,,ON,,C,H,O,N, requires C, 51-8; H, 
5-4%); methiodide, m. p. 191—192° (Found: C, 48-1; H, 6-65. C,,H,.ON,,CH,I requires C, 
47-9; H, 6-65%)). 

3-Phenyl-4-piperidinobutan-2-one oxime hydrochloride (81% yield), needles, m. p. 201-5 
202-5° (from ethanol) (Found: C, 63-7; H, 7-9. C,;H,.ON,,HCI requires C, 63-7; H, 8-1%) 
base, needles, m. p. 96—96-5° (Found: C, 72-9; H, 8-8. C,,;H,,ON, requires C, 73-2; H, 
89%); picrate, m. p. 172—173° (Found: C, 53-1; H, 5-2. C,;H,,ON,,C,H,;0O,N, requires 
C, 53-1; H, 53°); methiodide, cubes, m. p. 181—182° (Found: C, 49-0; H, 5-9. 
C,;H,,ON,,CH,I requires C, 49-5; H, 6-4°%)]. 
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4-Morpholino-3-phenylbutan-2-one oxime hydrochloride (95%), needles, m. p. 185—186° 
(Found: C, 59-3; H, 7-4. C,yH.»9O,N,,HCl requires C, 59-05; H, 7-4%) [base, needles, m. p. 
95—95-5° (Found : C, 68-2; H, 8-1. C gH gO,N, requires C, 67-7; H, 8:1%); picrate, prisms, 
m. p. 166—167° (Found: C, 50-4; H, 4:7. CygH »O,N,,C,H,O;N, requires C, 50-3; H, 4-8%); 
methiodide, needles, m. p. 208—209° (Found: C, 46:0; H, 5:8. C,,HyO,N,,CHgI requires 
C, 46-15; H, 5:9%)]. 

4-Dimethylamino-1 : 1-diphenylbutan-2-one oxime hydrochloride (50% yield), m. p. 191 
192° (Found: C, 67-3; H, 7-2. C,s,H,,ON,,HCI requires C, 67-8; H, 7-2%) [base, m. p. 128 
129° (from methanol) (Found: C, 76-4; H, 7-8. C,,H,ON, requires C, 76-6; H, 7-8%); 
picrate, yellow needles, m. p. 166—167° (Found: C, 56-4; H, 4-8. C,,gH,,ON,,C,H,O,N, 
requires C, 56-4; H, 49%), and the methiodide, needles, m. p. 198—199° (Found: C, 53-9; H, 
5°75. C,gH,,ON,,CHgI requires C, 53-8; H, 5-9%)]. 

4-Diethylamino-1 : 1-diphenylbutan-2-one oxime hydrochloride (61% yield), plates, m. p. 192 
193° (Found: C, 69-3; H, 8-0. Cy9H,,ON,,HCI requires C, 69-3; H, 7-8%) [base, needles, m. p. 
98—98-5° (Found: C, 77-5; H, 8-4. CyggH,,ON, requires C, 77-4; H, 84%); methiodide, 
plates, m. p. 185—186° (from ethanol—acetone) (Found: C, 56-2; H, 6-4. CygH,,ON,,CH,lI 
requires C, 55-8; H, 6-4%)]. 

4-Morpholino-1 : 1-diphenylbutan-2-one oxime hydrochloride (93% yield), flakes, m. p. 196 
197° (from methanol) (Found: C, 65:7; H, 7-0. Cy 9H,sO,N,,HCl requires C, 66-6; H, 6-9%) 
[base, needles, m. p. 162-5—164° (from ethyl acetate) (Found: C, 73-9; H, 7:35. CypH,O.N, 
requires C, 74-1; H, 7-4°%); methiodide, needles, m. p. 190-——192° (Found: C, 53-8; H, 5-8. 
C.9H,4O.N,.,CH,I requires C, 54-1; H, 5-8%)]. 

A mixture of 4-dimethylamino-1 : 3-diphenylbutan-2-one hydrochloride (12 g.), hydroxyl- 
amine hydrochloride (5-6 g.) and pyridine (5-6 g.) in ethanol (50 c.c.) was boiled under reflux 
for 2 hours. Water was added and the pyridine was neutralised with hydrochloric acid. The 
oxime hydrochloride (7-6 g., 56%) which crystallised was washed with ether; it gave 
needles, m. p. 159—160-5°, from water (Found: C, 63-8; H, 7-4; N, 84; Cl, 10-75. 
C,,H,,ON.,HCI,H,O requires C, 64-2; H, 7-4; N, 83; Cl, 10-55%). The picrate formed 
needles, m. p. 118—120° (Found: C, 57-0; H, 4:3. C,sH..ON,,Cg,H,;O,N, requires C, 
56-4; H, 49%), and the methiodide needles, m. p. 174—-175° (Found: C, 51-8; H, 
5-9. C,gH,,ON,,CH,I,H,O requires C, 51-6; H, 6-1%). 

4-Morpholino-1 : 3-diphenylbutan-2-one Oxime.—4-Morpholino-1 ; 3-diphenylbutan-2-one 
hydrochloride (17-3 g.), was refluxed for 14 hours with hydroxylamine hydrochloride (7 g.) and 
sodium hydroxide (6-5 g.) in 70% ethanol, to give the oxime (95%), m. p. 136—137°, from ethanol— 
chloroform (Found : C, 73-9; H, 7-2. CygH,,O,N, requires C, 74-1; H, 7-4%). The methiodide, 
which could not be formed at room temperature, was prepared in 63% yield by boiling the base 
(11 g.) with methyl iodide (10 c.c.) in chloroform (100 c.c.) for 24 hours, and formed needles, 
m. p. 180—181° (Found: C, 54:1; H, 5-7. Cy 9H,,O,N,,CH,I requires C, 54-1; H, 58%). 

3-Dimethylamino-1-phenylpropan-l-one oxime methiodide was obtained in 86% yield from 
the oxime (Mannich and Heilner, Ber., 1922, 55, 359), as plates, m. p. 191—192°, from methanol 
(Found: C, 43-4; H, 5-6. C,,H,,ON,,CH,I requires C, 43-1; H, 5-7%). 

3-Morpholino-1-phenvlpropan-l-one oxime, prepared in 77% yield from the Mannich base 
(Harradence and Lions J. Proc. Roy. Soc. N.S.W., 1939, 72, 233; Chem. Abs., 1939, 33, 5856), 
crystallised as flakes, m. p. 149—150°, from ethanol (Found: C, 66-9; H, 7:8. C,3;H,,0.N, 
requires C, 66:7; H, 7:7%) [methiodide, needles, m. p. 176—178° (from methanol) (Found : 
C, 42-9; H, 5-8. C,;H,,0,N,,CH;I,H,O requires C, 42-6; H, 5-8%))]. 

Degradation of the 4-Dialkylamino-3-phenylbutan-2-one Oxime Methiodides.—4-Dimethy]l- 
amino-3-phenylbutan-2-one oxime methiodide (7 g.) was treated with 5% aqueous sodium 
hydroxide (100 c.c.) at 70—80° for an hour. Acidification then precipitated 3-phenylbut-3-en-2- 
one oxime, prisms, m. p. 98—99° [from light petroleum (b. p. 60—80°)] (Found: C, 74-7; H, 
7-1; N, 85; active H, 0-61. C,)H,,ON requires C, 74:55; H, 6-8; H, 8-7; active H, 0-62%). 
The compound is very soluble in most solvents except light petroleum. It is soluble in alkalis 
and reprecipitated by acids. 

It was obtained similarly from the diethylamino- (84% yield), piperidino- (78% yield), and 
morpholino-analogues (75% yield), or by working in ethanolic media. 

Degradation of 4-Dialkylamino-1 : 3-diphenyibutan-2-one Oxime Methiodides.—The meth- 
iodides of the 4-dimethylamino- and 4-morpholino-compounds were treated with aqueous 
sodium hydroxide, ethanolic potassium hydroxide, or ethanolic sodium ethoxide. On 
acidification 1 : 3-diphenylbut-3-en-2-one oxime (45—61%) separated, and after recrystallisation 
from methanol and then from light petroleum (b. p. 60—80°) formed needles, m. p. 82—83° 
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(Found: C, 80-9; H, 6-1; N, 6-0; active H, 0-41. C,,H,,ON requires C, 81-0; H, 6-3; N, 
5-9; active H, 0-42%). The compound is soluble in alkalis and is reprecipitated by acids. 

Degradation of 4-Dialkylamino-1 : 1-diphenylbutan-2-one Oxime Methiodides——In aqueous 
media. 4-Dimethylamino-1 : 1-diphenylbutan-2-one oxime methiodide (2-5 g.) was treated 
with 3° aqueous sodium hydroxide (150 c.c.) at 60—70° for an hour. The oil which separated 
solidified on cooling (m. p. 150—160°, sintered at 80°). Recrystallisation from ethanol gave 
1 : 1-diphenylbut-3-en-2-one oxime (0-8 g., 57%), plates, m. p. 166—167° (Found: C, 81-2; H, 
6:5; N, 5-9; active H, 0-44. C,,H,,ON requires C, 81-0; H, 6-3; N, 5-9; active H, 0-42%), 
which was insoluble in alkalis. Similar degradation of the diethylamino-analogue (2-5 g.) gave 
an identical product (0-8 g., 62%). 

In ethanolic media. 4-Dimethylamino-1 : 1-diphenylbutan-2-one oxime methiodide (3 g.) 
was treated with sodium hydroxide (4-5 g.) in 60% ethanol (150 c.c.) at 60—70° for an hour. 
Excess of water was added and the mixture was extracted with ether. Evaporation of the 
ether and recrystallisation of the crude residue (m. p. 83—160°) from ethanol afforded 3-di- 
phenylmethyl-A*-isooxazoline (1-3 g., 78%), prisms, m. p. 88—89° (Found: C, 80-8; H, 6-1; N, 
6-1; active H, 0. C,,H,;ON requires C, 81:0; H, 63; N, 5-9; active H, 0%). Similar 
degradation of the diethylamino-analogue (1-25 g.) gave the same product (0-35 g.; 51%). 

The morpholino-analogue gave exclusively the isooxazoline (65%) in either aqueous or 
ethanolic media. The isooxazoline and the a$-unsaturated oxime could not be interconverted 
by heating with acids or alkalis. 

Degradation of the 3-Dialkylamino-1-phenylpropan-l-one Oxime Methiodides.—3-Dimethyl- 
amino-l-phenylpropan-l-one oxime methiodide (8 g.) with aqueous sodium hydroxide gave 
1-phenylprop-2-en-l-one oxime (0-5 g., 14%), needles, m. p. 109—110° [from light petroleum 
(b. p. 60—80°)-ethyl acetate] (Found: C, 73-2; H, 6-2; active H, 0-64. C,H,ON requires 
C, 73:5; H, 6-1; active H, 0-68%), and unchanged 3-dimethylamino-1-phenylpropan-l-one 
oxime (0-4 g., 9%). On treatment with 5% ethanolic potassium hydroxide (80 c.c.), however, 
it (8 g.) gave 3-phenylisooxazoline (1-6 g., 45%), flakes [from light petroleum (b. p. 40—60°)], 
m. p. 65-5—66-5°, not depressed on admixture with an authentic sample made by von Auwers 
and Miiller’s method from $-chloropropiophenone and hydroxylamine (J. pr. Chem., 1933, 137, 
125), which contained no active hydrogen. Treatment of the morpholino-compound (8 g.) with 
aqueous sodium hydroxide gave both the tsooxazoline (1-1 g., 35%) and the vinyl ketoxime 
(0-3 g., 1094); the latter separated on acidification after removal of the zsooxazoline. The iso- 
oxazoline (51%) was the only product on degradation with ethanolic potassium hydroxide. 

Abnormal Oximation of 4-Dialkylamino-1 : 3-diphenylbutan-2-ones.—Sodium acetate tri- 
hydrate (48 g.) was added to an aqueous solution (200 c.c.) of 4-dimethylamino-1 : 3-diphenyl- 
butan-2-one hydrochloride (36 g.) and hydroxylamine hydrochloride (17 g.). The mixture was 
heated at 90—100° for 15 minutes; an oil separated and solidified on cooling. Recrystallisation 
from methanol gave the compound, fine needles (16 g., 56%), m. p. 101—102° [Found: C, 81-0; 
H, 6-3; active H, 0-40%; M (Rast), 255. C,,H,,ON requires C, 81:0; H, 6-3; one active H, 
0-42%; M, 237]. From the aqueous reaction liquors, 4-dimethylamino-1 : 3-diphenylbutan- 
2-one oxime hydrochloride (3-5 g., 9%) crystallised. The corresponding diethylamino-base 
oxime afforded the same product (m. p. 101—102°) on similar treatment. 

The authors are indebted to Professor M. Stacey, F.R.S., for encouragement and facilities, 
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165. 2-Acetyleyclohexane-| : 3-dione. 
By HERCHEL SMITH. 


The synthesis and properties of 2-acetylcyclohexane-1 : 3-dione (I) are 
described. The ultra-violet absorption spectra of $-triketones are discussed. 
Catalytic hydrogenation of (I) over palladium-—charcoal gives 2-acetylcyclo- 
hexanone together with a small quantity of 2-ethyleyclohexane-1 : 3-dione, 
and in the presence of alkali the yield of the latter is increased. (I) gives with 
aniline 1-(2: 6-diketocyclohexyl)ethylideneaniline (VIII), converted by a 
standard cyclisation procedure into 5: 6: 7 : 8-tetrahydro-8-keto-9-methyl- 
phenanthridine, reduction of which with lithium aluminium hydride affords 
5:6: 7: 8-tetrahydro-8-hydroxy-9-methylphenanthridine converted by 
heating with palladium—charcoal into 9-methylphenanthridine. Sodium 
borohydride hydrogenolyses (VIII) into 2-ethvlcyclohexane-1 : 3-dione in 
high yield. 


2-ACETYLcycloHEXANE-1 : 3-DIONE (I) belongs to the general class of tricarbonyl- 
methane compounds containing members of a wide range of physiological interest 
exhibiting anthelmintic, antibiotic, and insecticidal properties. C-Acetyldimedone, the 
5: 5-dimethyl homologue of (I), and certain closely related compounds exhibit weak 
activity im vitro against Staph. aureus and Mycobacterium tuberculosis (avian type) (Ukita, 
Tamura, Matsuda, and Kashiwabara, Japan. ]. Exptl. Med., 1949, 20, 109; Chem. Abs., 
1950, 44, 3087), and hence (I) has interest as a potential source of similar, and perhaps 
more active, compounds. However, its synthesis and chemistry have been investigated 
chiefly in order to assess its possible use as a starting material for the preparation of inter- 
mediates required in steroid synthesis, particularly of the as yet unknown 2-acetylcyclo- 
hex-2-en-l-one (II). Reduction of one of the annular carbonyl groups of (I) to a secondary 
alcoholic group followed by dehydration of the resulting $-hydroxy-diketone should give 
(II), and the principal aim of the present investigation was to determine whether the side 
chain and one annular carbonyl group of (I) could be suitably protected against reduction. 

It has long been known that acetic anhydride reacts with 5 : 5-dimethyleyclohexane- 
1 : 3-dione at reflux temperature in the presence of sodium acetate to give 2-acetyl-5 : 5- 
dimethyleyclohexane-1 : 3-dione (Dieckmann and Stein, Ber., 1904, 37, 3370; Crossley and 
Renouf, J., 1912, 101, 1524), conveniently purified via the copper derivative. This method 
has been extended to cyclohexane-1 : 3-dione (III; R = H) to give the desired (I), but the 
yield is somewhat lower owing no doubt to the increased tendency of (III; R = H) to 
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give self-condensation products at high temperatures in the presence of catalysts 
(Thomson, Org. Synth., 1947, 27, 21). Spassow (Ber., 1937, 70, 2381) has described the 
C-acetylation in high yield of ethyl acetoacetate by treatment with acetyl chloride in 
benzene in the presence of magnesium, but application of this procedure to (III; R = H) 
gave none of (I) despite the report by Ukita et al. (loc. cit.) that dimedone was successfully 
C-cinnamoylated by this method. Treatment of 2-methylcyclohexane-1 : 3-dione (III; 
Rk = Me) with acetic anhydride in the presence of sodium acetate under conditions where 
(III; R = H) gave (I) resulted in the formation of only the enol acetate (IV). This is 
hardly surprising, for in the mesomeric anion derived by proton loss from (III; R = Me) 
the electron-repelling methyl group, apart from purely steric effects, destabilises a negative 
charge at the 2-position and thereby increases the energy of activation for the addition of 
an acetyl cation at this point. 

2-Acetylcyclohexane-l : 3-dione is unattacked by diazomethane in ethereal solution, 
being in this respect similar to certain chelate o-hydroxy-ketones such as alizarin 2-methyl 
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ether (Herzig and Klimosch, Monatsh., 1909, 30, 535) and o-hydroxyacetophenone 
(Schénberg and Ismail, J., 1944, 367). Schénberg and Mustafa (/J., 1946, 746) have used 
diazomethane in methanol to methylate such compounds in unstated yields, but this 
reagent leaves (I) substantially unchanged. 

The infra-red absorption spectrum of (I) in the solid state closely resembles the spectra 
of the highly enolisable $-diketones investigated by Rasmussen, Tunnicliffe, and Brattain 
(J. Amer. Chem. Soc., 1949, 71, 1068) and is notable for the lack of absorption near 3 p 
where simple hydrogen-bonded hydroxyl absorption occurs, and for the absence of an 
unconjugated carbonyl band in the 5-8 region. There is, however, general absorption 
on both sides of the C-H band, a strong conjugated carbonyl band at 5-96 u (attributable 
to the normal enol form), and, from its width, a much more intense conjugated carbony] 
band at 6-39 u. Rasmussen ef al. (loc. cit.) have attributed the high intensity and extreme 
displacement to longer wave-lengths of the latter type of band to enhanced contributions 
to the resonance hybrid of zwitterionic enol forms. In the case of (I) such forms could 
be written as in (V) and (VI) but it seems possible (in the solid state at least) that (I) is 
associated in a manner analogous to that of the fatty acids, so that one zwitterionic form 
(vinylogous to a fatty acid dimer) could be written as in (VII). 
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The ultra-violet absorption spectrum of (I) in methanol shows two bands—at 235 
(c 14,700) and 275 my. (¢ 11,600)—characteristic of the enolised 8-triketone system (Birch 
and Todd, /J., 1952, 3102). Braude (Ann. Reports, 1945, 42, 129) has indicated the 
empirical rule that heterocyclic compounds containing nitrogen linked by a double bond 
absorb very similarly to the corresponding systems having an ethylenic instead of an 
azomethine grouping, so that the absorptions of, e.g., thiazole and thiophen, of benzene and 
pyridine, are closely similar. If this rule is extended to include oxygen linked by a double 
bond as in (V) and (VI), then the ultra-violet absorption spectrum characteristic of §-tri- 
ketones such as (I) can be understood, since the chelate ring in the latter then contains a 
conjugated diene-type system which is cross-conjugated with the carbonyl group of the 
carbocyclic ring. Accordingly, the ultra-violet absorption spectrum of (I) should exhibit 
two principal bands: (a) in the region 230—250 my, associated with the «$-unsaturated 
carbonyl group (Woodward, J. Amer. Chem. Soc., 1941, 63, 1122), and (b) in the region 255— 
290 my, associated with the conjugated diene chromophere contained in one ring (zdem, 
ibid., 1942, 64, 72), and these bands are, in fact, found. According to the theory, the 
spectra of the chelated @-diketones acetylacetone and 2-acetylcyclohexanone, possessing a 
homoannular conjugated diene-type system, but lacking a carbonyl cross-conjugated with 
it, should exhibit only one absorption band in the region 255—290 my, and indeed the 
former has a maximum at 270 my (e 10,000) (Rasmussen ef al., loc. cit.) and the latter one 
at 290 my (e 5,100). The longer wave-length and decreased intensity of the absorption 
band in the latter would indicate increased strain in the chromophoric system (Lewis and 
Calvin, Chem. Reviews, 1939, 25, 253). Enolisable $-triketones are weak acids, and as such 
their degree of ionisation in ionising solvents increases with increasing dilution, and would 
be expected to be appreciable at dilutions normally employed in the determination of 
ultra-violet spectra. Hence if the absorption spectra of the anions differ from those 
of the undissociated forms then it is to be expected that the nature of the spectrum obtained 
for any one compound may vary with varying dilution. Such concentration-dependent 
absorption has been observed for various cyclic $-diketones (Bastron, Davis, and Butz, 
J. Org. Chem., 1943, 8, 515; Blout, Eager, and Silverman, J. Amer. Chem. Soc., 1946, 68, 
566), and so in order to ensure reproducible results it is advisable to determine the spectra 
of these and similar weakly acidic compounds in the presence of excess of acid so that 
ionisation may be completely repressed—always providing that the compounds investigated 
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are stable under such conditions. In the presence of excess of mineral acid (1) had maxima 
at 230 my (c 12,800) and 270 my (e 11,100) and 2-acetyleyclohexanone a maximum at 290 mz 
(e 5,200). 

When an ethanolic solution of (I) is shaken with hydrogen at room pressure and tem- 
perature over palladium—charcoal, there is an uptake of 2 mols. of hydrogen during several 
hours and the product consists almost entirely of 2-acetyleyclohexanone, isolated as the 
copper derivative (Borsche, Annalen, 1910, 377, 70; Meerwein and Vossen, J. pr. Chem., 
1934, 141, 149), together with a small quantity of 2-ethylceyclohexane-1 : 3-dione (III; 
Rk = Et). Addition of increasing amounts of alkali results in an increased yield of 
(III1; R = Et) which reaches 45% in the presence of one equivalent. Interruption of the 
hydrogenation after an uptake of 1 mol. of hydrogen gave a mixture of 2-acetylcyelo- 
hexanone and (III; R = Et) together with unchanged (I). The presence of (II1; R 
Et) in the hydrogenation product of (I) confirms the nature of the carbon skeleton in the 
latter. 

A detailed theoretical interpretation of these and other hydrogenations must be 
reserved for a later communication, but certain pertinent observations can be made here. 
The infra-red spectrum of (I) indicates that in solution it exists almost completely as the 
enol, which at the concentrations employed for catalytic hydrogenation would be ionised 
to only a small extent. Palladium catalysts do not normally attack carbonyl groups at 
room temperature and pressure, and so it would appear that (I) is hydrogenated as the 
enol, ¢.g., (V), and that an essential stage in the process is the hydrogenolysis of the enolic 
hydroxyl group. This type of hydrogenation would be closely analogous to the hydrogen- 
ation of enol acetates over Adams’s catalyst (Inhoffen, Stoeck, Kélling, and Stoeck, 
Annalen, 1950, 568, 52) which leads to the hydrogenolysis of the acetoxy-group and 
saturation of the double bond adjacent to it. With the addition of alkali, the enolate 
anion is formed and this is hydrogenated to a mixture containing the same constituents 
but a much larger relative proportion of (III; R= Et). Prolonged hydrogenation of 
(I) during several days resulted in a hydrogen uptake of more than 2 mols., and after 
removal of alkali-soluble material, treatment of the product with Brady’s reagent gave a 
low yield of the 2: 4-dinitrophenylhydrazone of 2-ethyleyclohexanone (Barltrop, King, 
and Whalley, /J., 1945, 277). No evidence for the presence of any other ketone was 
obtained. 

2-Ethylceyclohexane-1 : 3-dione was first described by Stetter and Dierichs (Ber., 1952, 
85, 61), who prepared it by alkylation of cyclohexane-1 : 3-dione with potassium methoxide 
and ethyl iodide in methanol. A more convenient method, especially for large-scale 
preparations, and giving comparable yields, is the one used in these laboratories for the 
preparation of 2-methyleyclohexane-1 : 3-dione (Robinson ef al., to be published) and is 
an extension of that used by Sonn (Ber., 1931, 64, 1847) for the C-alkylation of dimedone, 
in which the £-diketone is refluxed with potassium hydroxide and methyl iodide in aqueous 
acetone. 

Treatment of (I) with an excess of aniline in boiling ethanol gave in high yield a single 
anil which was soluble in aqueous alkali, being recovered unchanged on neutralisation, and 
gave no colour with ferric chloride. It must therefore have a trans- rather than a cts-f- 
diketonic structure (Birch, J., 1951, 3026), 7.e., must be (VIII) rather than (IX); and 
indeed (VIII) is the structure predicted for the anil on the basis of the above interpretation 
of the catalytic hydrogenation of (1). Rigorous confirmation for the structure (VIII) was 
provided by cyclodehydration in a mixture of phosphoric anhydride and phosphoric acid 
(Birch, Jaeger, and Robinson, J., 1945, 582; Birch and Smith, J., 1951, 1882) to the 
tetrahydroketomethylphenanthridine (X), lithium aluminium hydride reduction of which 
gave (XI), converted by heating with palladised charcoal at 250° into the known 9-methy!l- 
phenanthridine, m. p. 85° (picrate m. p. 233°) (Morgan and Walls, J., 1931, 2450; Pictet 
and Hubert, Ber., 1896, 29, 1184). The alternative structure would have given, after the 
above sequence of operations, the known 5-methylacridine, m. p. 117° (picrate, m. p. 213— 
214°) (Kénigs, Ber., 1899, 32, 3607; Kaufmann and Albertini, Ber., 1911, 44, 2054). The 
anil (VIII) is inert to diazomethane in solution in ether—-methanol, owing, no doubt, to 
the presence in (VIII) of a six-membered chelate ring involving nitrogen. In this 
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connection it may be noted that o-hydroxyazo-compounds are incapable of methylation by 
diazomethane (Smith and Mitchell, J., 1908, 93, 843). 

The lithium aluminium hydride reduction recorded above is notable in that the 9 : 10- 
double bond is unattacked, whereas it has been reported (Wooten and McKee, J. Amer. 
Chem. Soc., 1949, 71, 2946) that reduction of phenanthridine with the same reagent but 
with much longer heating gives 9: 10-dihydrophenanthridine. The structure of (XI) is 
proved by the analysis and ultra-violet absorption spectrum, which resembles that of 
quinoline (Morton and de Gouveia, J., 1934, 916; Johnson and Buell, *. Amer. Chem. Soc., 
1952, 74, 4517) rather than that of o-aminostyrene (Pestemer, Langer, and Manchen, 
Sitzungsber. Akad. Wiss. Wien, 1936, 145, 546). It is noteworthy that the above route, 
essentially an extension of Borsche’s classical method (loc. cit.) for the synthesis of tetra- 
hydrophenanthridines, is a convenient one for the synthesis of substituted phenanthridines ; 
all the stages from (I) to (XI) proceed in high yields, and although the final dehydration-— 
dehydrogenation gives only a 40% yield, there is no doubt that a milder and more efficient 
process could be found. Should a variety of 2-acylevclohexane-1 : 3-diones become readily 
available, then the method would be sufficiently flexible to permit the synthesis of phen- 
anthridines with substituents in ring A, an alkyl group (or hydrogen) in the 9-position; and 
alkyl groups in ring Cc 
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The establishment of the structure of the anil (VIII) enabled the first attempts at the 
preparation of (II) to be made, since it appeared that one carbonyl group of the 6-diketone 
system in (VIII) might be protected against reduction by the formation of an enolate 
anion. It has, for example, been suggested (Brown, “‘ Organic Reactions,”’ Vol. VI, p. 472, 
Wiley, New York, 1951) that the reduction of «-angelicalactone to 3-acetylpropanol 
(Hochstein, /. Amer. Chem. Soc., 1949, 71, 305) involves the protection of the carbony] 
group as a lithium aluminium enolate. The latter reducing agent could not be used with 
(VIII), however, since it reduces anils to the corresponding secondary amines (Nystrom and 
Brown, tbid., 1948, 70, 3738). The milder sodium borohydride reagent, in contra- 
distinction to lithium aluminium hydride, does not reduce nitriles (Chaikin and Brown, 
ibid., 1949, 71, 122), and so the sodium enolate of (VIII) was reduced with one equivalent 
of sodium borohydride in aqueous methanol in the expectation of reducing one carbonyl 
group of (VIII) to a secondary alcoholic group, whilst leaving the azomethine linkage 
unattacked. The product consisted of (III; R = Et) together with unchanged material. 
Reduction of the enolate with an excess of borohydride gave (III; R = Et) in 75% yield. 
Similar results were obtained by direct reduction of (VIII) with an excess of the reagent. 
The process appears to involve a true hydrogenolysis of the anil linkage rather than to 
proceed by hydrolysis to (I) followed by reduction, since treatment of (I) with sodium 
borohydride under closely parallel conditions gave a different, ill-defined product containing 
much starting material. Sodium borohydride, which fails to reduce the $-diketone system 
in (VIII), is also without action upon carboxylic acids (Chaikin and Brown, Joc. cit.). The 
explanation for this behaviour probably lies in the vinylogy between the enolic form of the 
8-diketone system and the carboxyl group. There is evidence (Brown, loc. cit.) that 
reduction with lithium aluminium hydride proceeds by a mechanism in which hydrogen is 
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transferred as hydride in a bimolecular nucleophilic displacement reaction, and it seems 
likely that reduction with sodium borohydride follows a similar path. Accordingly, the 
reduction of a carboxyl group with the latter reagent will depend on the approach of a 
borohydride anion to the mesomeric carboxylate anion, and since no reduction occurs 
it appears that the energy of activation required for the process is so high (owing to the 
repulsion of like charges) as to be prohibitive. It is therefore not surprising that the 
energy of activation required for the approach of a borohydride anion to the enolate anion 
of (VIII) is also prohibitively high. Reduction of (VIII) with lithium aluminium hydride 
gave a complex product which on treatment with Brady’s reagent gave a small quantity 
of a 2 : 4-dinitrophenylhydrazone which could not be identified. 

2-Acetylcyclohexane-1 : 3-dione reacts with phenylhydrazine and hydroxylamine to 
give cyclic condensation products to which the structures (XII) and (XIII) are assigned by 
analogy with the anil (VIII). 

EXPERIMENTAL 

M. p.s are uncorrected. Analyses are by Drs. Weiler and Strauss and Mr. F. Hall. Infra- 
red spectra were determined for Nujol mulls except where otherwise stated in a Perkin-Elmer 
Model 21 double-beam instrument, the Nujol bands being omitted. Approximate indications 
of the intensity of bands are given as follows: s = strong, m = medium, w = weak. All 
spectra were determined by Dr. F. B. Strauss with the technical assistance of Mr. F. Hastings. 

2-Acetylcyclohexane-1 : 3-dione (1).—cycloHexane-1 : 3-dione (49-6 g.) (Thompson, Joc. cit.) 
was refluxed in acetic anhydride (266 g.) containing sodium acetate (fused, 7-18 g.) for 5 hours. 
After cooling, most of the acetic anhydride was removed under reduced pressure, and the dark 
residue extracted with ether. The ethereal extracts were combined, filtered if necessary, and 
extracted with successive 100-c.c. portions of 10% aqueous sodium hydroxide. The alkaline 
extracts on acidification gave initially oils and then resins. The oils were taken up in ether, 
and the combined ethereal solutions washed with water (2 x 100 c.c.), shaken with an excess 
of aqueous cupric acetate solution for 15 minutes, and left overnight. The copper complex 
(36 g.) was filtered off and decomposed by shaking it with 3n-hydrochloric acid (200 c.c.) and 
ether (200 c.c.). The ethereal layer was separated, washed with water (4 x 50 c.c.), and dried 
(Na,SO,), and the ether removed under reduced pressure. The residue was distilled to give the 
2-acetylcyclohexane-1| : 3-dione as a colourless oil (25 g.), b. p. 126—127°/22 mm., which rapidly 
set in the receiver to a mass of crystals, m. p. 29-5° (Found : C, 62-8; H, 6-3. C,H, 9O, requires 
C, 62-4; H, 65%). The triketone dissolves in aqueous sodium hydrogen carbonate with 
evolution of carbon dioxide, and is insoluble in light petroleum but soluble in most other 
organic solvents. The infra-red absorption bands are at the following wave-lengths (u): 3-80 
(ditfuse) m, 4:25m, 5-96s, 6-39s, 7-03s, 7-40s, 7-50s, 7-76m, 7-97m, 8-13m, 8-41s, 8-79m, 9-37m, 
9-52m, 9-73m, 9-93s, 10-50m, 10-84m, 11-88m, 13-93w. In solution in chloroform the hydroxy] 
band occurred at 2-87 and carbonyl bands at 6-01 and 6-40 u. 

The copper salt was prepared by shaking an ethereal solution of (1) with saturated aqueous 
cupric acetate, and was obtained from chloroform as blue needles, m. p. 263—265° (rapid 
heating, decomp.) (Found: C, 51:8; H, 4:4. C,gH,,0,Cu requires C, 52-0; H, 4:9%). The 
sodium salt, prepared by adding (I) in ethanol to ethanolic sodium ethoxide (1 equiv.) followed 
by removal of the solvent, was obtained as needles, m. p 266° (decomp.), by partial evaporation 
of its solution in ethanol and retained water tenaciously (Found, in material dried at 15 mm. for 
5 hours over P,O,;: C, 53:3; H, 5-3. C,H,O,Na,}H,O requires C, 53-3; H, 53%). 

3-A cetoxy-2-methylcyclohex-2-en-l-one (1V).—2-Methylcyclohexane-1 : 3-dione (9-75 g.) was 
heated under reflux in acetic anhydride (35 g.) containing sodium acetate (2 g.) for 7 hours. 
Next day most of the acetic anhydride was removed under reduced pressure, the residue treated 
with ether, and the sodium acetate filtered off. The ether was removed under reduced pressure, 
and the residue distilled to give 3-acetoxy-2-methylcyclohex-2-en-l-one as an oil, b. p. 143— 
145°/20 mm. (Found: C, 63-9; H, 7-4. C,H,.O, requires C, 64-3; H, 7-1%). The ultra- 
violet absorption spectrum (methanol) shows a band at 237-5 my (e 8,500). The infra-red 
absorption bands were at the following wave-lengths (u): 5-68s, 5-98s, 6-99m, 7-40s, 7-51m, 
7-66m, 8-03w, 8-35s, 8-61s, 8-97s, 9-25s, 9-60m, 9-92m, 10-88m, 11-34w, 11-91m, 12-06m, 13-88m. 
These spectra are in accord with the structure (IV). 

Catalytic Hydrogenation of 2-Acetylcyclohexane-1 : 3-dione.—(i) The trione (1 g.) in ethanol 
(25 c.c.) was shaken with hydrogen at atmospheric pressure over 30% palladium-charcoal 
(100 mg.) for 20 hours; the hydrogen uptake had then become very slow, the total absorbed 
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being 440 c.c. (Calc. for 2 mols.: 430 c.c.). The catalyst was filtered off, and the solvent 
evaporated under reduced pressure, affording an oil which had a characteristic penetrating 
odour and gave a very dark colour with ferric chloride. During several hours, the oil deposited 
a small quantity of crystalline material which was removed and washed with a little pure ether 
rhe crystals had m. p. 173—175°, undepressed by 2-ethylcyclohexane-1 : 3-dione (III; R = Et) 
obtained as described in (ii). The oil was shaken with an excess of saturated aqueous cupric 
acetate for 15 minutes, and the mixture heated on the steam-bath for 20 minutes and left 
overnight. The greyish-green precipitate was filtered off and recrystallised from aqueous 
alcohol to give the copper salt of 2-acetylcyclohexanone (880 mg., 80%), m. p. 160—161° alone or 
admixed with an authentic sample prepared by Meerwein and Vossen’s method (loc. cit.) (Found : 
C, 56-4; H, 6-45. Calc. for C,,H,,0O,Cu: C, 56-2; H, 64%). 

(ii) The triketone (I) (300 mg.) in ethanol (7-5 c.c.) containing aqueous sodium hydroxide 
(0-6 c.c. of 0-4N, 0-125 equiv.) was hydrogenated over 30% palladium-charcoal (30 mg.). After 
an uptake of 2 mol. (7 hours) the hydrogenation was interrupted, the catalyst filtered off, and 
the solution concentrated to small bulk at 15°. Ethyl acetate (25 c.c.) and hydrochloric acid 
(2 c.c. of 3N) were added, and the organic layer removed, washed with water (3 x 10 c.c.), dried 
(Na,SO,), and evaporated under reduced pressure to an oil. Addition of pure ether precipitated 
crystals, which were filtered off and recrystallised from benzene to give 2-ethylcyclohexane-| : 3- 
dione (III; R = Et) as needles (90 mg., 33%), m. p. 173—175°. A portion sublimed for 
analysis at 110°/8 x 10-3 mm. had m. p. 176—177° (Stetter and Dierichs, Joc. cit., give 178°), 
undepressed by a sample prepared from cyclohexane-1 : 3-dione as described below (Found : 
C, 68-4; H, 8-4. Calc. for C,H,,0,: C, 68-55; H, 8-6%). The infra-red absorption bands are 
at the following wave-lengths (u): 3-68s, 5-5w, 6-13m, 638s, 7-03s, 7-30s, 7-87s, 8-36s, 9-07s, 
941s, 10°37m, 10-60s, 10-74m, 11-70m, 13-07w, 13-87m. The bis-2 : 4-dinitrophenylhvdrazone 
was obtained from tetrahydrofuran—ethanol as a brick-red, microcrystalline powder, m. p. 
207—209° (Found: C, 48-2; H, 4:2. Cyp9H.,O,N, requires C, 48-0; H, 4:0%). Its ultra- 
violet absorption spectrum (chloroform) exhibits maxima at 260 (ec 23,700) and 365 mu (e 45,200). 
The ethereal mother-liquors from (III; R = Et) were evaporated to an oil, from which the 
copper salt of 2-acetylcyclohexanone (252 mg., 37%) was obtained. 

rhe triketone was hydrogenated by the above method in the presence of increasing amounts 
of aqueous alkali. The results may be summarised as follows : (a) (I) (220 mg.) with palladium— 
charcoal (30 mg.) in ethanol (5 c.c.) containing aqueous sodium hydroxide (1-78 c.c. of 0-4N, 
0-5 equiv.) gave (IIL; R = Et) (80 mg., 40%); (6) (I) (200 mg.) and palladium-charcoal (30 mg.) 
in ethanol (5 c.c.) containing aqueous sodium hydroxide (3-25 c.c. of 0-4N, 1 equiv.) gave (III; 
R Et) (81 mg., 45%) 

(iii) The triketone (I) (230 mg.) was hydrogenated in ethanol (10 c.c.) over 30% palladium 
charcoal (30 mg.). After 3 days the hydrogen uptake was 130 c.c. (Calc. for 4 mols. : 143 c.c.). 
The catalyst was filtered off and the solvent removed to give an oil which was taken up in ether, 
thoroughly extracted with aqueous alkali, washed with brine, and evaporated to yield a small 
quantity of pleasant-smelling oil, treatment of which with Brady’s reagent gave a 2: 4-dinitro- 
phenylhydrazone separating from ethanol as orange-red needles (22 mg.), m. p. 159—161° 
alone or admixed with a specimen of the same derivative of 2-ethylcyclohexanone (Barltrop, 
King, and Whalley, loc. cit.) prepared by catalytic hydrogenation of a sample of 2-ethyleyclo- 
hex-2-en-l-one kindly supplied by Dr. J. A. Barltrop (Found: C, 55-1; H, 5-9. Calc. for 
CigH,,0,N,: C, 54:9; H, 59%). Concentration of the alcoholic filtrates yielded no further 
2: 4-dinitrophenylhydrazone. 

2-Ethylcyclohexane-1 : 3-dione (III; R = Et).—cycloHexane-1 : 3-dione (5-6 g.) in acetone 
(3-5 c.c.)-water (14 c.c.) containing potassium hydroxide (2-8 g.) was refluxed with ethyl iodide 
(10 c.c.) for 10 hours. After cooling, the organic solvents were removed, and the crystalline 
precipitate was recrystallised from ethyl acetate to give 2-ethylcyclohexane-1 : 3-dione as needles 
(1-5 g.),m. p. 173—175°. A portion sublimed for analysis at 110°/5 x 10-3 mm. had m. p. 177 
178° (Found : C, 68-8; H, 8-9. Calc. for CgH,,0,: C, 68-55; H, 8-6%). 

1-(2 : 6-Diketocyclohexyl)ethylideneaniline (VIII).—2-Acetylcyclohexane-1 : 3-dione (2-60 g.) 
and aniline (2-09 g.) were refluxed in ethanol (12-5 c.c.) for 4 hours, the mixture was cooled and 
added to water (150 c.c.), and the crystalline precipitate (3-51 g.) filtered off, dried in a desiccator, 
and recrystallised from light petroleum (b. p. 60—80°) to yield the anil (VIIT) as needles (3-35 g 
m. p. 87° (Found: C, 73-6; H, 6-9; N, 5-9. C,gH,;0,N requires C, 73-4; H, 6-6; N, 6-1%). 
The ultra-violet absorption spectrum (methanol) shows bands at 255 (e 15,800) and 310 mu 
(¢ 19,400). The infra-red absorption spectrum was typical of that for an enolic @-diketone, with 
bands at the following wave-lengths (uz): 3-75 (diffuse) w, 6-15s, 6-38s, 7-05m, 7-10m, 7-40m, 
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7-50m, 7:79m, 7-97w, 8-14m, 848m, 8-57w, 8-82w, 9-37w, 9-47w, 9-75w, 10-07w, 10-50w, 10-70w, 
10-88w, 11-17w, 11-60w, 11-95w, 12-20w, 13-08m, 13-S7w. 

5:6: 7: 8-Tetrahydro-8-keto-9-methylphenanthridine (X).—A mixture of phosphoric 
anhydride (9 g.) and phosphoric acid (d 1-75, 7 c.c.) at 120° was added to the above anil (1-2 g.), 
and the temperature raised to 170° and kept thereat for 30 minutes. On cooling to 90° the 
green fluorescent solution was added to water, and the aqueous solution made alkaline to litmus. 
The crystalline precipitate was taken up in ether, and the ethereal solution washed with water, 
dried (Na,SO,), and evaporated. The crystalline residue was recrystallised from light petroleum 
(b. p. 60—80°) to give the phenanthridine (X) as needles (1-01 g.), m. p. 118° (Found: C, 79-6; 
H, 6:2; N, 6-7. C,,H,,ON requires C, 79-65; H, 6-2; N, 6-7%). The ultra-violet absorption 
spectrum (methanol) shows bands at 245 (ec 54,000) and 285 my (e 12,400). The infra-red 
absorption spectrum shows bands at the following wave-lengths (u): 5-95s,°6-19m, 6-39m, 
6-70m, 7-03m, 7-14m, 7:32m, 7-38m, 7-48m, 7-8lm, 8:25w, 8-43w, 8-66w, 8-79w, 8-93w, 9-27w, 
9-Slw, 10-17w, 11-13w, 11-36w, 11-76w, 12-32w, 12-77w, 13-13w, 13-90w. 

The hydrochloride, formed by passing dry hydrogen chloride into a solution of (X) in pure 
ether, had m. p. 234—235° (decomp., rapid heating). The 2: 4-dinitrophenylhydrazone, 
obtained by adding Brady’s reagent together with a little concentrated hydrochloric acid to an 
alcoholic solution of (X), had m. p. 254° (decomp., rapid heating). 

5:6: 7: 8-Tetrahydro-8-hydroxy-9-methylphenanthridine (XI).—The above phenanthridone 
(0-875 g.) in pure ether (60 c.c.) was added to a solution of lithium aluminium hydride (0-318 g.) 
in pure ether (80 c.c.) and refluxed for 30 minutes. On cooling, a little ‘‘ Hyflosupercel ’’ was 
added, followed by damp ether (5 c.c.) and water (15 c.c.), and the mixture was filtered. The 
ethereal layer was separated, and the aqueous layer extracted with ether (4 x 50 c.c.). The 
ethereal solutions were combined, washed with water (4 x 25 c.c.), dried (Na,SO,), and 
evaporated under reduced pressure, giving a partly crystalline residue, which was recrystallised 
from ethyl acetate to give the hydroxyphenanthridine (XI) as clusters of needles (0-555 g.), 
m. p. 167° (Found: C, 78-9; H, 7-0; N, 6-5. C,,H,,ON requires C, 78-9; H, 7-0; N, 66%). 
The ultra-violet absorption spectrum shows bands at 225 (e 23,000), 275 (e 4,200), 304 (e 2,900), 
and 316 my (e 3,100). For quinoline, Morton and de Gouveia (/oc. cit.) give maxima at 275 
(c 4,500) and 311 my (ce 6,300), and Johnson and Buell (loc. cit.) at 226 (e 32,400), 230 (e 28,800), 
277 (ce 3,500), 299-5 (e 3,000), and 312-5 muy (e 3,400). For o-aminostyrene, Pestemer, Langer, 
and Manchen (loc. cit.) give maxima at 238 (e 10,000) and 332 my (e 2,200). The infra-red 
ae spectrum shows bands at 3-18s, 3-72 (diffuse) m, 6-20w, 6-28m, 6-36m, 6-66m 6-99m, 
7: abr 7-27s, 7:-43m, 7°85m, 7:97w, 8-41w, 8-54w, 8-62m, 9-02w, 9-22m, 9-30w, 9-64w, 9-73w, 

82m, 10-:09w, 10-55w, 10-72m, 11-30w, 11-55w, 11-67w, 12-15w, 12-75w, 13-23s, 13-42m p. 

The methiodide, prepared by refluxing (XI) in acetone with an excess of methyl iodide for 
4 hours, separated from acetone as slightly yellow prismatic needles, m. p. 242° (decomp.) 
(Found: C, 50-6; H, 5:3. C,,;H,,ONI requires C, 50-7; H, 5:1%). 

9-Methylphenanthridine.—The above tetrahydrohydroxymethylphenanthridine (150 mg.) 
was heated with 30% palladium-charcoal (20 mg.) at 250° for 30 minutes. On cooling, the residue 
was extracted with ethanol (10 c.c.) and ether (total 50 c.c.) and the extracts were combined and 
filtered. Removal of the oieaae gave an oil which was extracted with successive portions of 
boiling light petroleum (b. p. 40—60°) until only a little dark resin remained. The extracts 
were combined, concentrated to small bulk, and percolated in light petroleum (b. p. 40—60°) 
through a short column of alumina. Evaporation of the eluate gave a crystalline residue 
which was recrystallised from light petroleum (b. p. 40-—60°), giving 9-methylphenanthridine as 
needles (55 mg.), m. p. 84° (Morgan and Walls, Joc. cit., give m. p. 84°) (Found: C, 87-0; H, 5 
N, 7:3. Calc. for C,,H,,;N: C, 87-1; H, 5-7; N, 7-3%). The picrate had m. p. 233—235 
(decomp.) (Pictet and Hubert, Joc. cit., give 233°). The ultra-violet absorption spectrum shows 
bands at 250 (e 29,500), 330 (e 2000), and 345 mu (e 2000). 

Reduction of (VIII) with Sodium Borohydride i) A solution of the anil (VIII) in methanol 
10 c.c.) was brought to pH 10 by addition of 10°, aqueous sodium hydroxide, sodium boro- 
hydride (50 mg. of 82°%, 1 equiv.) in methanol (2 c.c.) was added, and the mixture refluxed for 
40 minutes, cooled, acidified, left for 2 hours, poured into brine (70 c.c.), and thoroughly extract- 
ed with chloroform. The extracts were combined, washed with water, dried (Na,SO,), and 
evaporated under reduced pressure to an oil, which was taken up in ether and extracted with 
aqueous sodium hydroxide. Acidification of the alkaline extracts precipitated unchanged 
material (340 mg.), m. p. 84°, raised to 87° and undepressed by (VIII), after recrystallisation 
from light petroleum (b. p. 40—60°). The aqueous mother-liquors were continuously extracted 
with ether overnight. Evaporation of the dried extract gave a crystalline residue, which 
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recrystallised from benzene, giving 2-ethylcyclohexane-] : 3-dione (II1; R = Et) as needles 
(270 mg.), m. p. 173—175° undepressed by an authentic specimen, and possessing an identical 
infra-red absorption spectrum. 

(ii) The anil (VIII) (1 g.) in methanol (7 c.c.) containing aqueous sodium hydroxide (1-6 c.c. 
of 10%, pH of solution ca. 10) was added to sodium borohydride (600 mg.) in methanol (2 c.c.). 
The solution was gently warmed to initiate the reaction and, when gas evolution had moderated, 
was refluxed for 80 minutes. On cooling, the mixture was acidified to precipitate 2-ethyl- 
cyclohexane-1 : 3-dione (III; R = Et) {280 mg.), m. p. after recrystallisation from benzene, 
174—176°. Chloroform extraction of the aqueous mother-liquors gave a further quantity of 
(III; R = Et) (230 mg.); total yield was 510 mg. (76%). 

(iii) The anil (VIII) (250 mg.) was reduced with sodium borohydride (250 mg.) in methanol 
(8 c.c.). The product after working up in the usual manner was (III; R = Et), m. p. 173— 
175° (120 mg., 71%). 

Reduction of (VIII) with Lithium Aluminium Hydride.—The anil (VIII) (250 mg.) was 
refluxed with lithium aluminium hydride (250 mg.) in tetrahydrofuran (25 c.c.) for 45 minutes. 
The product, worked up in the usual manner, was an oil (200 mg.) which was thoroughly 
extracted with alkali. The residue was treated with Brady’s reagent overnight, to give a 
2 : 4-dinitrophenylhydrazone which separated from ethanol as needles (18 mg.), m. p. 192— 
193° (Found: C, 54:95; H, 5-4; N, 17:0%; M, 266). The ultra-violet absorption spectrum 
showed a principal absorption maximum at 380 my (ec 32,300). In a similar experiment the oil 
obtained after removal of alkali-soluble material was treated with dioxan (1 vol.)—3N-sulphuric 
acid (1 vol.) for 24 hours at room temperature. Chromatography of the product on alumina 
yielded no pure material. 

4:5: 6: 7-Tetrahydro-4-keto-3-methyl-1-phenylisoindazole (XII).—2-Acetylcyclohexane-1 : 3- 
dione (I) (500 mg.) was refluxed with phenylhydrazine (350 mg.) in ethanol (10 c.c.) for 2 hours. 
On cooling, water (30 c.c.) was added, and the crystalline precipitate filtered off and recrystallised 
from aqueous ethanol to yield the isoindazole (XII) as long needles (690 mg.), m. p. 129° (Found : 
C, 74:6; H, 6-2; N, 12-2. C,gH,,ON, requires C, 74:3; H, 6:2; N, 12:4%). The infra-red 
absorption spectrum shows bands at the following wave-lengths (u) : 5:98s, 6-25w, 6-45w, 664m, 
6-73m, 698m, 7:08m, 7:13w, 7-56w, 7-70w, 7-76w, 8-38w, 8-62w, 9-07w, 9-38w, 9-42w, 9-62w, 
9-70w, 9-80w, 9-93w, 10-24w, 10-82w, 10-92w, 11-llw, 11-50w, 11-78w, 12-56w, 12-88m, 13-83w. 

4:5: 6: 7-Tetrahydro-4-keto-3-methylbenzisooxazole (XII1).—2-Acetylcyclohexane-1 : 3-dione 
(590 mg.) was added to hydroxylamine hydrochloride (266 mg.) in water (10 c.c.), and the 
mixture neutralised with aqueous sodium hydroxide, left for 3 days, poured into water (100 c.c.) 
and extracted with ether (4 x 25 c.c.). The extracts were combined, extracted with 10% 
aqueous sodium hydroxide (total 25 c.c.), washed with water, and dried (Na,SO,). Removal 
ot the solvent under reduced pressure gave a crystalline residue, which, recrystallised from 
light petroleum (b. p. 40—60°), gave the isoovazole (XIII) as long, hair-like needles (173 mg.), 
m. p. 66—67° (Found : C, 63-8; H, 6-1; N, 8-9. C,H,O,N requires C, 63-6; H, 6:0; N, 9:3%). 
The infra-red absorption spectrum shows bands at the following wave-lengths (u) : 5-92s, 5-98s, 
6:25s, 6-69w, 6:83s, 7-03m, 7-12m, 7-27s, 7-40m, 7:47w, 7-60w, 7-75w, 7-92s, 8-45w, 8-75w, 9-33m, 
9-42w, 9-61lw, 9-85m, 11-3lw, 11-72w, 12-08w, 13-38w. 

The alkaline extracts from the above were combined, acidified, and extracted with 
chloroform. The crystalline product was recrystallised from ethyl acetate to give what is 
probably 2: 6-diketocyclohexyl methyl ketoxime as colourless prisms (165 mg.), m. p. 121° 
(evolution of gas) (Found: C, 56-6; H, 6-5; N, 8-2. C,H,,O,N requires C, 56-8; H, 6-5; N, 
8-3%). On cooling, the melt solidifies and remelts at 64—65°. The ultra-violet absorption 
spectrum shows a band at 255 my (ec 13,200). The infra-red absorption bands are at the 
following wave-lengths (u): 3-18m, 6-13s, 6-26s, 7:35s, 7-50s, 8-33m, 8-75w, 9-28w, 9-57w, 
10-28s, 10-51m, 10°83m, 11-7lw, 11-95w, 12-65w, 13-53w. 
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166. Alicyclic Compounds. Part I1.* The Preparation of 
cycloHexane-1 : 3-diones and Their Enol Ethers. 


By Ertc G. MEEK, J. H. TuRNBULL, and WALTER WILSON. 


4-Methyleyclohexane-1 : 3-dione, previously imperfectly characterised, 
has been made by three methods. Monoenol ethers are prepared from 
several cyclohexane-1 : 3-diones and (a) ethanol in presence of toluene-p- 
sulphonic acid, (b) ethyl iodide and sodium ethoxide, or (c) ethyl ortho- 
formate and an acid catalyst. Method (a) is not applicable to 
2-methyl-diones, and (b) is useful only with 2-methyl-diones. Method (c) is 
generally applicable, but under certain conditions gives complex compounds 
formed by the coupling of three dione molecules through a CH group. 


DURING experiments directed towards the synthesis of steroids and other natural 
products (cf. Birch, J., 1951, 3027; Ann. Reports, 1951, 204; Frank and Hall, J. Amer. 
Chem. Soc., 1950, 72, 1645), we have examined the preparation of certain cyclohexane- 
| : 3-diones (3-hydroxycyclohex-2-enones) and their enol ethers. 

cycloHexane-1 : 3-dione was most easily made by hydrogenation of resorcinol in 
alkaline solution, but conditions milder than those hitherto recommended were necessary 
to prevent further reduction. With methyl iodide and methanolic sodium methoxide it 
afforded the 2-methyl compound, but the maximum yield was only 58% (cf. Friedman 
and Robinson, Chem. and Ind., 1951, 777); and this was not improved by methylation in 
aqueous sodium hydroxide with a large excess of methyl iodide, partial ring scission to 
5-ketohexanoic acid also occurring. Further methylation of 2-methyleyclohexane-l : 3- 
dione (in methanol) gave the enol ether; the 2 : 2-dimethyl compound could not be isolated. 
In contrast, 5 : 5-dimethyleyclohexane-1 : 3-dione always gave a mixture of the 2-methyl 
and the 2: 2-dimethyl derivative, as reported by Desai (J., 1932, 1079) and Hirsjarvi 
(Chem. Abs., 1948, 42, 2936). 

Gilling (J., 1913, 2029) described the reduction of 4-methylresorcinol; the product was 
believed to be 4-methylcyclohexane-1 : 3-dione, but was not satisfactorily characterised. 
We confirmed the formation of the 4-methyl-dione, a syrup, which rapidly oxidised in air 
to (crystalline) «-methylglutaric acid. The dione was characterised as the methylenebis- 
derivative, and was synthesised by two further, interdependent methods. Methyl 
4-carbethoxy-5-keto-2-methylhexanoate (from ethyl acetoacetate, methyl a-methyl- 
acrylate, and sodium ethoxide) on successive treatment with sodium ethoxide and 
alcoholic potassium hydroxide yielded a separable mixture of «-methylgutaric acid and the 
4-methyl-dione, in proportions which varied widely in different experiments (Table 1). 


TABLE 1. Cyclisation of methyl 4-carbethoxy-5-keto-2-methylhexanoate. 
Diester Na EtOH Reflux KOH H,O Reflux Products {¢ 
(g.) ap ; (c.c.) (hr.) A (%) B (%) 
30 : ] 35 80 i 26 
30 e ‘ * 8U 5: 0 
5 E 40 y 0 
30 y 2 80 51 
30 3s 4 y. 70 20 
* Under nitrogen. +t Methanol. 
t A, Diester recovered; B, 4-methylcyclohexane-1 : 3-dione; C, a-methylglutaric acid. 


Similar treatment of ethyl 4-carbethoxy-5-ketohexanoate had given glutaric acid but no 
cyclohexanedione (Vorlander, Annalen, 1897, 294, 318). It is believed that glutaric acids 
arise in these experiments by alkaline scission of the uncyclised @-keto-esters. The best 
preparative method for 4-methylcyclohexanedione involved acid hydrolysis of methyl 
4-carbethoxy-5-keto-2-methylhexanoate, esterification of the product to methyl 5-keto-2- 


* Part I, J., 1952, 4686. 
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methylhexanoate, and cyclisation (sodium methoxide) (cf. Vorlander, Annalen, 1897, 294, 
269; von Schilling and Vorlander, zb7d., 1899, 308, 190). 

cycloHexanediones usually deteriorate on exposure to air, but are stable in the 
absence of oxygen; 4-methylcyclohexane-1 :3-dione is particularly susceptible to 
aerial oxidation. The stabilities of diones in air follow the irregular sequence: 5: 5- 
dimethyl > unsubstituted compound > 2-methyl > 2: 5: 5-trimethyl > 4-methy]. 

Three methods for the conversion of cyclohexanediones into monoenol ethers have been 
compared. (a) The “ esterification’’ method (alcohol and an acid catalyst; Stollé, 
Diss., Bonn, 1893; Vorlander, zbid., 1897, 294, 253; Crossley and Renouf, J., 1908, 629; 
Gilling, Joc. cit.; Frank and Hall, loc. cit.) gave good yields with 2-unsubstituted diones ; 
2-methyl-diones did not react. (+) Ethyl iodide and alkoxide were used for making enol 
ethers from 2-methyl- and 2: 5: 5-trimethyl-cyclohexanedione. C-Substitution usually 
predominates in alkylations of 2-unsubstituted diones, particularly with methyl iodide 
(cf. Desai, loc. cit.; Woods and Tucker, J. Amer. Chem. Soc., 1948, 70, 2174; Crossley, 
J., 1901, 138; Hewett, J., 1936, 50; Frank and Hall, doc. cit.; Stetter and Dierichs, 
Chem. Ber., 1952, 85, 61). (c) The “‘ acetalisation’’ method (ethyl orthoformate and 
sulphuric acid) was practicable for conversion of all the diones into enol ethers; yields of 
46—85% were obtained in small-scale experiments, and the reaction was not hindered by 
2-methyl substituents (Table 2). The method appeared to be less satisfactory with methyl 
orthoformate. 


TABLE 2. Enol ethers obtained by the orthoformate method (c). 
Wt. HC(OEt), EtOH Reflux 
Dione (g.) (c¢.) {c,¢.) (hr.) Product 
cycloHexane-1:3-dione 10 15 6 18 Et ether, b. p. 104—108°/4 mm., 
m. p. 3—4°¢ 
Dimedone 21: 3% “ Anhydride ”’ (I), m. p. 222—223° 
Dimedone : : f Et ether, b. p. 58—64°/0-001 mm., 
m. p. 57—59° ¢ 
2-Methylcyclohexane- }- 5} Et ether, b. p. 76—78°/0-01 mm., re 
1 : 3-dione m. p. 44—46° 
2: 5: 5-Trimethyleyclo- 2-5 f Et ether, b. p. 70—73°/0-05 mm., 60° 
hexane-1 ; 3-dione m. p. 50°? 
4-Methylcyclohexane- l . Et ether, b. p. 60—62°/0-08 mm.* 88 
1 : 3-dione 
* Also obtained by method (a). ° Also obtained by method (b). ° +5% of unchanged dione. 
4 +4489%, of unchanged dione. ¢ Product distilled directly from reaction mixture. 

Some of the enol ethers were difficult to purify, as also found by previous workers. 
The ethers were stable in dry nitrogen, but in air hydrolysis to the diones and then 
oxidation occurred. 3-Ethoxycyclohexenone was rapidly hydrolysed to the parent 
dione, even by cold dilute sodium hydrogen carbonate solution, or more slowly by distilled 
water. The remaining ethers were hydrolysed easily in dilute sodium hydroxide (cf. Frank 
and Hall, also Gilling, locc. cit.). Although simple enol ethers are stable to alkalis, the 
present compounds are vinylogues of carboxylic esters, and abnormal alkali-sensitivity 
might be expected; the 2-methyl compounds are hydrolysed more slowly. 

In the reaction between dimedone and ethyl orthoformate (catalyst, sulphuric acid), 
prolongation of the reaction time gave a high-melting solid, instead of the enol ether. 
This solid was identical with the compound obtained by Vorlinder and Guthke (Ber., 
1929, 62, 549) from dimedone and formic acid, or from dimedone, 
chloroform, and alkali, and formulated by them as the anhydride 
(I). Acetic anhydride was a more effective catalyst than sulphuric 
acid in promoting the formation of (I) (cf. Post, ‘‘ Chemistry of 
Aliphati¢ Orthoesters,”” Reinhold Publ. Corp., New York, 1943, pp. 
69 et seq.). cycloHexane-1 : 3-dione afforded products similar to (I), 
which require further investigation. 

(1) The enol ethers exhibit the intense light absorption expected for 

a modified «$-unsaturated ketone system. The main band at 2490 
2500 A is shifted to 2650—2680 A by a 2-methyl substituent. Methyl groups in other 
positions have almost no effect on the absorption. 


Me, 
oO 
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EXPERIMENTAI 

Ultra-violet spectrographs were determined on a Unicam SP 500 Spectrophotometer, with 
I-cm. quartz cells; unless otherwise stated the concentration was 0-001%, in commercial 
absolute ethanol. 

cycloHexane-1 : 3-dione-—A mixture of Raney nickel (6 c.c. of thick slurry) (Pavlic and 
Adkins, J. Amer. Chem. Soc., 1946, 68, 1471), resorcinol (42 g.), and sodium hydroxide (9 g., 
0-6 equiv.) in water (90 c.c.) was hydrogenated at 20°/90 atm. for 8 hours in a horizontal rocker- 
type bomb (Chas. W. Cook and Sons Ltd., Birmingham), and worked up by King and Felton’s 
method (/., 1948, 1371), to give the dione (25-7 g., 619%), m. p. 107—109°, and unchanged 
resorcinol (11-8 g., 28°) (cf. Thompson, Org. Synth., 1947, 27, 21). 

When alkali (1-16 equiv.) and hydrogen at 30°/110 atm. (10 hours) were used, the yield of 
dione was only 42:5%. cycloHexane-1 : 3-diol (mixed isomers; 19%), b. p. 138°/10-5 mm., 
was extracted by ethanol from the evaporated aqueous phase; no resorcinol was recovered 
(cf. Rigby, J., 1949, 1586; Clarke and Owen, J., 1950, 2103). 

2-Methylcyclohexane-1 : 3-dione.—cycloHexane-1 : 3-dione (28 g.) was added to an ice-cold 
solution of sodium (11-6 g., 2 equiv.) in methanol (100 c.c.). After the addition of methyl 
iodide (33 c.c., 2 equiv.) the mixture was refluxed for 2} hours, the solvent removed in a 
vacuum, and the residue dissolved in water (50c.c.). Acidification (to pH 3) with concentrated 
hydrochloric acid precipitated the product (18-4 g., 58%), m. p. 208—210° (from aqueous 
ethanol). Blaise and Maire, Bull. Soc. chim., 1908, 3, 421, give m. p. 210°. 

cycloHexane-1 : 3-dione (15 g.), sodium hydroxide (32 g., 6 equiv.), 50% aqueous ethanol 
(120 c.c.), and methyl iodide (95 g.) were stirred at room temperature for 8 days (by which time 
the mixture was homogeneous), then evaporated under reduced pressure, and the residue was 
dissolved in water (100 c.c.). Acidification, as above, gave 2-methylcyclohexane-1 : 3-dione 
(7 g., 41-5%). Extraction of the aqueous liquors with ether and chloroform gave 5-keto- 
hexanoic acid (46% yield in one experiment). The dione was stable indefinitely in a sealed 
tube, but soon decomposed in air. 

Methylation of 5 : 5-Dimethylcyclohexane-1 : 3-dione (Dimedone).—Dimedone was methylated 
by Desai’s procedure. Steam-distillation of the residues, after extraction of the 2-methyl 
compound (36-9%), gave 2 : 2-dimethyldimedone (10°,), m. p. 99°, which was filtered off from 
the distillate. (Desai gives m. p. 95°.) 

In a similar experiment, sodium (1-25 equiv.) and methyl iodide (1-8 equiv.) in methanol 
yielded the 2-methyl compound (54-5), the 2: 2-dimethyl compound (3-6%), and dimedone 
(14%), which was recovered as its methylenebis-derivative. 

Sodium (1-01 equiv.) and methyl iodide (1-66 equiv.) gave 2-methyldimedone (65%), 
dimethyldimedone (1-8), and unchanged dimedone (28%). 

Methyl 4-Carbethoxy-5-keto-2-methylhexanoate (cf. Ruzicka, Helv. Chim. Acta, 1919, 2, 144). 
A mixture of methyl a-methylacrylate (85 c.c.) (which contained 0-2% of quinol), ethyl aceto- 
acetate (105 g.), and cold sodium ethoxide solution {from ethanol (320 c.c.) and sodium (18-6 g.)] 
was kept for 44 hours at room temperature. Excess of glacial acetic acid (final pH 4) was 
added, and the solvents were removed ina vacuum. Water (200 c.c.) was added to the residue 
and the oil isolated with ether. Fractionation gave methyl 4-carbethoxy-5-keto-2-methylhexanoate 
(59-1 g., 30%), b. p. 103—105°/0-05 mm., n?? 1-4472 (Found: C, 58-1; H, 8-2. C,,H,,0; 
requires C, 57-4; H, 7-85°%), which gave no precipitate with formaldehyde in cold 50% aqueous 
ethanol. 

Use of two mols. of ethyl acetoacetate (some of which was recovered) as above (44 hours) 
gave an increased yield (57%); but after 62 hours the yield was 44°% (cf. Albertson, J. Amer. 
Chem. Soc., 1948, 70, 669). 

4-Methylcyclohexane-1 : 3-dione.—(a) By cvclisation of the above diester. Several runs are 
summarised in Table 1. The diester was stirred with sodium ethoxide solution first at 0°, then 
under reflux. Aqueous potassium hydroxide was added and the refluxing continued. After 
addition of concentrated hydrochloric acid (to pH 7), ethanol was removed in a vacuum; further 
acidification (to pH 2), extraction with ether, and fractionation of the extract gave 4-methyl- 
cyclohexane-1 : 3-dione, b. p. 111°/0-025 mm., n?2° 1-5213, Amax, 2550 A (log ¢ 4:10) (Found : 
C, 65-0, 64:65; H, 7-8, 8-0. C,H ,,O, requires C, 66-7; H, 7:95%. Both analyses were 
performed on the same day as the final distillation; even poorer analyses were obtained after a 
longer period), and a-methylglutaric acid, b. p. 150—160°/0-022 mm., m. p. 77—78° (from 
benzene) (Found: C, 48-95; H, 6-6%; equiv., 73-6. Calc. for C,H,)O,: C, 49-3; H, 7-6%; 
equiv., 73-1), which formed an anil, m. p. 175—176°. a-Methylglutaric acid has m. p. 77—78°, 
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and forms an anil, m. p. 178—179°. After 16 hours’ exposure to the air, 50—60°% of the dione 
was oxidised to «-methylgutaric acid. 

The dione and formaldehyde in 50% aqueous ethanol gave the methylenebis-compound, 
m. p. 131—133° (from aqueous ethanol), Agax, 2550 A (log ¢ 4-47) (Found: C, 68-8; H, 7-9. 
C,5H»O, requires C, 68-2; H, 7-6%). 

(b) Through methyl 5-keto-2-methylhexanoate. Methyl 4-carbethoxy-5-keto-2-methylhex- 
anoate (32 g.) was heated with water (80 c.c.) and concentrated hydrochloric acid (45 c.c.) at 
100° for 3 hours. After being kept at room temperature overnight the mixture was extracted 
with ether, and the aqueous layers were evaporated to 70 c.c. under reduced pressure and 
extracted with ether and chloroform. The combined extracts were dried (MgSO,), the solvents 
were evaporated, and the residue was distilled, to give an oil, b. p. 120—166°/15 mm. (23-5 g.). 
This was separated into a neutral and an acidic fraction. The neutral fraction gave methyl 
5-keto-2-methvlhexanoate (7-6 g., 35%), b. p. 110—111°/18 mm. nj}* 1-4329 (Found: C, 60-45; 
H, 8-95. C,gH,,O, requires C, 60-8; H, 88%). The acidic fraction yielded 5-keto-2-methyl- 
hexanoic acid (12-75 g., 63%), b. p. 160—163°/20 mm., which was refluxed for 6 hours with 
methanol (100 c.c.) and concentrated sulphuric acid (0-5 c.c.), to give a further amount of the 
ester (10-75 g., 79%), b. p. 114—120°/30 mm., n} 1-4290, and unchanged acid (2-4 g., 19%), 
b. p. 168——171°/30 mm. 

Anhydrous sodium methoxide [prepared by adding methanol (13 c.c.) to ‘‘ powdered ”’ sodium 
(2-1 g.) in toluene (30 c.c.) and distilling off the toluene and excess of methanol] was suspended 
in ether (35 c.c.) and methyl 5-keto-2-methylhexanoate (5-25 g.) in ether (20 c.c.) dropped in 
with cooling. After the mixture had been kept overnight and stirred for 2 hours, water (35 c.c.) 
was added. Ether-extraction removed no material and showed that no ester remained. 
Acidification of the aqueous layers and extraction yielded the 4-methyl-dione (2-73 g., 65%), 
b. p. 82—92°/0-01 mm., characterised as the methylenebis-compound, m. p. 131—132°. 

(c) By sodium amalgam reduction of 4-methylresorcinol. Gilling’s instructions being followed, 
this reaction gave the 4-methyl-dione (37%), identical with the material obtained as in (a) and 
(b), and unreduced 4-methylresorcinol (23%). 

Preparation of Enol Ethers.—The less stable enol ethers were purified by distillation in a 
special molecular still (Meek, Chem. and Ind., in the press). 

(a) Fvank and Hall's method. ‘The dione, ethanol, benzene, and a little toluene-p-sulphonic 
acid were refluxed under a continuous water-separator for the times stated below. The solvents 
were removed and the enol ether distilled; any unchanged dione could be recovered by 
crystallisation from the residue. 2-Methyl- (90%) and 2:5: 5-trimethyl-cyclohexane-1 : 3- 
lione (78°) were recovered unchanged after 156 and 190 hours respectively. cyvcloHexane- 
1 : 3-dione gave (119 hours) 3-ethoxycyclohexenone (76%), b. p. 80—90°/0-2 mm., Amax, 2490 A 
(log ¢ 4:27) which could not be obtained pure (Found: C, 63-7, 63-5; H, 8-5, 8-5. Calc. for 
C,H,,0, : C, 68:6; H, 8-6%) (Woods and Tucker give b. p. 95—105°/1 mm.). Almost complete 
reversion to the dione occurred after 3 weeks’ exposure to the air; hydrolysis to the dione 
occurred on shaking with distilled water for 2 hours, and even more rapidly with cold 5% 
sodium hydrogen carbonate solution. Dimedone yielded 3-ethoxy-5 : 5-dimethylcyclohexenone 
(76%; 119 hours), b. p. 92°/1-8 mm., m. p. 59—60°, Amax, 2500 A (log ¢ 4-28) (Frank and Hall 
give b. p. 93°/1 mm., m. p. 57—58°; Desai, m. p. 60°; Crossley and Renouf, m. p. 60°; Beringer 
and Kuntz, J. Amer. Chem. Soc., 1951, 78, 364, m. p. 58-5—59-5°). After 7 hours’ refluxing 
60° of the dimedone was recovered unchanged. 

4-Methylcyclohexane-1 : 3-dione was converted into the ethyl enol ether (? mixed isomers) 
(70-5%% ; 28 hours, in nitrogen atmosphere), b. p. 80—82°/0-3 mm., 717° 1-4950, Amax, 2490 A 
(log ¢ 4-21) (Found: C, 69-8; H, 9-0. C,H,,O, requires C, 70-1; H, 9-1%). When the reaction 
was conducted in dry air, oxidation occurred, and the product was impure diethyl «-methy]- 
glutarate, b. p. 48—53°/0-01 mm., 227°/735 mm., nj}? 1-4423, hydrolysed by alkali to «-methyl- 
glutaric acid, m. p. 75—76° (Ingold, J., 1921, 329, gives b. p. 238°/760 mm. for the ester). 

(b) Alkylation method. The alkylation procedure was similar to that described for the 
preparation of 2-methylcyclohexanedione, but ethyl iodide was used. At the end of the 
reaction, water and sodium hydroxide were added (final pH 9—-10). The neutral enol ether 
was immediately extracted with ether, and the aqueous phase acidified and extracted with 
chloroform to recover any unchanged dione. In this way, 2-methylcyclohexane-1 : 3-dione 
afforded 3-ethoxy-2-methylcyclohexenone (56%, with 65% of recovered dione), b. p. 78— 
86°/0-5 mm., ni? 1-4820, Amax. 2650 A (log ¢ 4-32), which slowly crystallised and had m. p. 52° 
(Found: C, 69-5; H, 9-7. C,H,,O, requires C, 70-1; H, 9:1%). 2:5: 5-Trimethylcyclo- 
hexane-1 : 3-dione similarly gave 3-ethoxy-2: 5: 5-trimethylcyclohexenone (23%), b. p. 70— 
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78°/0-05 mm., m. p. 47—50°, Amax. 2680 A (log ¢ 4-28) (Found: C, 71-6; H, 10-0. C,,H,,0, 
requires C, 72:5; H, 9-9%). 

(c) Ethyl orthoformate method. The dione, ethyl orthoformate, ethanol, and concentrated 
sulphuric acid (0-2 c.c.) were refluxed, water was added, sodium hydroxide solution added 
(pH 10), and the insoluble enol ether isolated with ether. The results are summarised 
in Table 2. 

1:2:3:4:5:6:7:8-Octahydro-9-(2-hydroxy-6-keto-4 : 4-dimethylcyclohex-1-enyl)-1 : 8-diketo- 
3:3: 6: 6-tetramethylvanthene (1).—In the reaction between dimedone and ethyl orthoformate 
by the above method, an anomalous product of high m. p. was obtained when the time of 
reaction was prolonged. This product had m. p. 222—223° (from chloroform-—ether), Amax, 2350 A 
(log ¢ 4:17, in EtOH), (Found: C, 73-15; H, 8-0. Calc. for C,,;H,,0,: C, 72:8; H, 7-°8%). The 
molecular weight was 460 (theor., 412), as determined by Bobranski and Sucharda’s method 
(ebullioscopic, in benzene; see Belcher and Godbert, ‘‘Semi-micro Quantitative Organic 
Analysis,’’ Longmans, London, 1947, p. 134). The same compound (1-4 g.; m. p. 229°) was 
obtained from dimedone (5-6 g.), acetic anhydride) (2-0 g.), and ethylorthoformate (9 g.) after 
54 hours’ heating at 100°. The compound did not react with formaldehyde in cold 50% ethanol, 
5n-hydrochloric acid, refluxing constant-boiling hydrobromic acid, 2: 4-dinitrophenylhydrazine, 
or semicarbazide. It was identical (m. p. and mixed m. p., and acetate) with ‘‘ methenyltris- 
dimedone anhydride,” prepared from dimedone, chloroform, and aqueous sodium hydroxide 
(Vorlander and Guthke, loc. cit.) 
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167. The Structures of Aurantio- and Rubro-gliocladin and 
Gliorosein. 


By E. B. VIscHER. 


The structures of the three antibiotics aurantio- and rubro-gliocladin 
and gliorosein, produced by a Gliocladium species (Brian et al., Experientia, 
1951, 7, 266), have been determined as 2: 3-dimethoxy-5 : 6-dimethyl-p- 
benzoquinone, the corresponding quinhydrone, and a dihydro-derivative of 
the former, respectively. 


BRIAN, CURTIS, HOWLAND, JEFFERYS, and RAupnitz (Experientia, 1951, 7, 266) isolated 
three new antibiotics, aurantiogliocladin, rubrogliocladin, and gliorosein, from a species 
of Gltocladium. The first named was shown to be a substituted p-benzoquinone 
CgH,O,(OMe),. Rubrogliocladin was identified as the corresponding quinhydrone. 
Each was reduced by sulphur dioxide to the same quinol, and each gave the same dinitro- 
phenylhydrazone. Gliorosein was isomeric with the quinol but showed a different ultra- 
violet absorption spectrum. This paper describes the continuation of this work and the 
exact structures of these antibiotics. 

Aurantiogliocladin did not react with o-phenylenediamine and must therefore be a 
p-benzoquinone. Reduction with sulphurous acid, zinc and hydrochloric acid, hydrogen 
in the presence of Raney nickel, or, best, aqueous sodium dithionite (Baker, J., 1941, 662) 
yielded the corresponding quinol (II), characterised as its bis-p-nitrobenzoate. The 
quinol reduced cold Fehling’s solution and immediately decolorised 2 : 6-dichlorophenol- 
indophenol. On storage at room temperature, in the solid state or in solution, it gradually 
became red and formed the quinhydrone rubrogliocladin. This ready oxidation, which 
is characteristic of highly substituted p-benzoquinols (Erdtman, Svensk Kem. Tidskr., 
1932, 44, 135; Proc. Roy. Soc., 1934, A, 143, 177), precluded its ready purification by 
recrystallisation. With methyl sulphate and alkali, under nitrogen or with addition of 
sodium dithionite (Baker, loc. cit.), the quinol yielded an oily tetramethyl ether (III), 
oxidised by permanganate at 90° to a tetramethoxy-dicarboxylic acid, C,»H,,O,, as sole 
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product, m. p. 178—180°. At 180° this formed an anhydride, suggesting that the 
carboxyl groups were ortho and that the acid was thus tetramethoxyphthalic acid (IV) 
(which has not hitherto been described). Confirmatory evidence was: (1) The anhydride 
(V) gave a positive fluorescein reaction; (2) the acid formed a phthalanil (VI); (3) whereas 
the infra-red absorption spectrum of the acid showed an OH stretching band at 2600 and a 
carbonyl stretching frequency at 1704 cm.~!, the anhydride showed only typical anhydride 
carbonyl bands at 1835 and 1771 cm."!; (4) decarboxylation of the acid by copper chromite 
O s OMe OMe 
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in quinoline at 175°, followed by re-methylation, yielded 1: 2:3: 4-tetramethoxy- 
benzene, identified by comparison with an authentic specimen. 

Accordingly, aurantiogliocladin must be 2: 3-dimethoxy-5 : 6-dimethyl-p-benzo- 
quinone (I) and rubrogliocladin the corresponding quinhydrone. 

Spectrophotometric work confirmed this structure. Aurantiogliocladin shows an 
intense absorption band in the ultra-violet at 275 my (log ¢ 4:19; Fig. 1, curve I), whereas 
the absorption curve of the closely related 3 : 4-dimethoxy-2 : 5-toluquinone (Anslow, 
Ashley, and Raistrick, /., 1938, 439) (Fig. 1, curve II) shows a maximum at 265 muy (log ¢ 
4:15). This shift of the maxima by about 10 my towards longer wave-length with 
increasing number of side chains was also observed by Braude (J., 1945, 490) who found a 
maximum for toluquinone at 245 and for xyloquinone at 250—256 my. 

The infra-red absorption spectrum shows no absorption attributable to hydroxyl 
groups in the region of 3u. It is very similar in the double-bond stretching region to that 
of the 3 : 4-dimethoxy-2 : 5-toluquinone. Thus aurantiogliocladin shows two strong bands 
at 1660 and 1615 cm."! and the dimethoxytoluquinone corresponding bands at 1668 and 
1615cm.-!. The quinol (II) shows no strong bands in the region of double-bond absorption, 
but has a strong hydroxyl absorption band at 3400 cm.*}. 

The final proof was given by Prof. W. Baker, who synthesised the 2 : 3-dimethoxy- 
5 : 6-dimethyl-p-benzoquinone (following paper) and found it to be identical with natural 
aurantiogliocladin. 

Gliorosein usually formed about one-fifth of the total crystalline product obtained 
after extraction, but this yield varied considerably. In later experiments the organism 
had ceased to produce it and only aurantiogliocladin was present in the filtrates. For the 
last experiments the substance was therefore available only in minute quantities. 

Gliorosein and the isomeric quinol (II) differed in melting point and ultra-violet 
absorption spectra, and gliorosein did not form the quinhydrone rubrogliocladin when 
recrystallised with an equal amount of aurantiogliocladin. It showed a positive reaction 
with tetranitromethane, indicating the presence of an olefinic double bond. It did not 
decolorise a solution of 2: 6-dichlorophenolindophenol and was not oxidised by ferric 
chloride. It was optically inactive. On the other hand, gliorosein and the quinol (II) 
were closely related in that both reduced Fehling’s solution instantaneously at room 
temperature and formed the same bis-f-nitrobenzoate in pyridine. Moreover, methylation 
of gliorosein with methyl sulphate and alkali yielded the oily tetramethyl ether (III), which 
was characterised by oxidation with potassium permanganate to tetramethoxyphthalic 
acid (IV). This relationship was explained when it was found that gliorosein rearranged 
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to the quinol (II) as soon as it came in contact with alkali or pyridine. Usually, owing to 
autoxidation, a mixture of the quinol and the quinhydrone (rubrogliocladin) was obtained, 
from which the pure quinone (aurantiogliocladin) and the quinol (II) could be obtained by 
oxidation with ferric chloride and reduction with sodium dithionite respectively. 

Gliorosein and chromium trioxide in acetic acid at 100° (not at room temperature) 
yielded aurantiogliocladin quantitatively with consumption of one equivalent of oxygen. 

The molecular weight confirmed the formula C,)H,,0O,. Formule (VIIIa or 6) and 
(IX) were considered for gliorosein. (IX) is less probable on chemical evidence, since all 
attempts to show the presence of a hydroxyl group in gliorosein, for instance by reaction 
with «-naphthyl isocyanate, failed. Spectrophotometric work also favoured strongly 
formula (VIII). The ultra-violet spectra of aurantiogliocladin and gliorosein (Fig. 1, 
curves I and III) on one hand and of p-benzoquinone and p-benzoquinone dibromide 
(5 : 6-dibromocyclohex-2-ene-1 : 4-dione) (Fig. 2) on the other were compared. The 
disappearance of one double bond in p-benzoquinone causes a bathochromic shift of 12 mg 
and a slight decrease in intensity. Similarly the change of aurantiogliocladin into 

Ultra-violet absorption spectra, for ethanolic solutions. 
Fie. 1. Fic. 2. 
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I, Auvantiogliocladin. II, 3 : 4-Dimethoxy- I, p-Benzoquinone. II, 5: 6-Dibromo- 
2: 5-toluquinone. III, Gliorosein. cyclohex-2-ene-1 : 4-dione. 

gliorosein caused a shift of 14 my accompanied by a decrease in intensity. In the infra-red 
spectrum of gliorosein there is a strong band at 1683 cm.~! indicating the presence of at 
least one carbonyl group in the molecule. The frequency of this band suggests that the 
group responsible for it is part of a conjugated unsaturated system, this conclusion being 
supported by the occurrence of a band at 1610 cm.~! which is probably due to a C—C bond 
conjugated to the carbonyl group. Here also formula (VIII) is favoured. For example, 
Flett (/., 1948, 1447) has shown that oxanthrones have absorption bands near 3450 cm.7! 
in the solid state and near 3650 cm.“ in carbon tetrachloride solution due to their hydroxyl 
groups. Gliorosein has no band in this region. We regard this evidence as sufficient for 
proposing formula (VIII) for gliorosein. 

p-Benzoquinones are well-known metabolic products of fungi (see Hoffmann-Osterhof, 
‘‘ Progress in the Chemistry of Organic Natural Products,’”’ Vienna, 1950, Vol. VI, p. 154). 
Most of them contain one methyl group and one or several hydroxyl or methoxyl! groups, 
e.g., spinulosin and fumigatin (Anslow and Raistrick, Biochem. J., 1938, 32, 687) to which 
aurantiogliocladin is very closely related. However, no p-benzoquinone with two methyl 
groups has hitherto been described, except for substances such as phoenicin (Posternak, 
Helv. Chim. Acta, 1938, 21, 1326), oosporein (K6gl ef al., Rec. Trav. chim., 1944, 63, 5), and 
polyporic acid (Kégl, Annalen, 1926, 447, 78), in which phenyl substituents can be regarded 
as “‘ virtual’’ methyl groups. But in these cases the two virtual methyl groups are in the 
p-position to each other. It is not clear whether gliorosein is an artifact or a natural 
metabolic product; in the latter case, it might prove to be an interesting intermediate in 
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the formation of a benzene ring from glucose, especially in view of the easy rearrangement 
of this partially saturated p-benzoquinone to the normal quinol. 


EXPERIMENTAL 

All m. p.s were taken on a Kofler block and are corrected. Microanalyses are by Mr. W. 
Brown of these laboratories. The antibiotics were isolated as described by Brian et al. (loc. cit.). 

2: 3-Dimethoxy-5 : 6-dimethylquinol (I1).—(a) Zinc dust was added in small portions to a 
mechanically stirred solution of aurantio- and rubro-gliocladin (6 g.) in dilute hydrochloric acid 
(5%; 500 ml.). Within 15 minutes the solution became colourless. It was extracted with 
ether. The washed and dried extract was evaporated to dryness. Crystallisation of the oily 
residue from light petroleum (b. p. 60—80°) gave the quinol (II) as colourless prisms, m. p. 84 
(1:5 g.). The mother-liquor gradually became coloured and crystals (2-5 g.) of aurantio- and 
rubro-gliocladin separated out. These were again reduced in the same way to give more of 
the quinol. 

(b) Rubrogliocladin (2-4 g.) and sodium dithionite (15 g.) were dissolved quickly in boiling 
water (50 ml.). On shaking, the orange solution became pale yellow within a few minutes. It 
was cooled quickly. An almost colourless solid (2-3 g.) separated out, which was filtered off 
and washed with a 0-5% solution of sodium dithionite. This crude quinol (II) was used for 
methylation without further purification. When recrystallised from light petroleum (b. p. 60— 
80°) it formed colourless prisms, m. p. 84°. 

A solution of the quinol (17 mg.) and freshly distilled p-nitrobenzoyl chloride (34 mg.) in 
dry pyridine (0-5 ml.) was heated on a steam-bath for 1 hour with exclusion of moisture. 
5° Sodium hydrogen carbonate solution (1 ml.) was added slowly to the cool reaction mixture. 
The pale yellow crystalline precipitate (35 mg.) crystallised from chloroform-—ethanol (1: 2) as 
almost colourless needles, m. p. 261—262°, of the di-p-nitrobenzoate (Found: C, 58-2; H, 4-25; 
N, 5:8. CggHo9QO oN, requires C, 58-1; H, 4:1; N, 5-6%). 

To the quinol (110 mg.) in methanol (3 ml.), ferric chloride (150 mg.) in N-hydrochloric acid 
(2-5 ml.) was added. The mixture became red instantaneously. It was kept at 35° for 
5 minutes and the methanol removed in vacuo. The residue on crystallisation from light 
petroleum (b. p. 40—60°) gave aurantiogliocladin (86 mg.), m. p. and mixed m. p. 63—64°. 

Tetramethoxy-o-xylene (III).—The crude quinol (II) (2-3 g.) and sodium dithionite (0-14 g.) 
in ethanol (5 ml.) were treated with methyl sulphate (7-4 ml.), under nitrogen, then with 
sodium hydroxide (2-8 g.) in water (7 ml.) during 2 hours, and heated on a steam-bath for 
1} hours. The mixture was cooled, diluted with water (20 ml.), and extracted with ether. The 
extract was washed with 2N-sodium hydroxide and water. After removal of the solvent a pale 
yellow oily ether (2-15 g.) was obtained which distilled almost quantitatively at 80°/0-5 mm. It 
was redistilled twice for analysis [Found : C, 64-0; H, 8-1; OMe, 48-8. C,H,(OMe), requires 
C, 63-7; H, 8:0; OMe, 548%]. 

Tetramethoxyphthalic Acid (IV).—The tetramethyl ether (III) (5-8 g.), suspended in 2n- 
sodium hydroxide (60 ml.), was heated on a steam-bath in nitrogen and a 5% solution of 
potassium permanganate added slowly, with instantaneous decolorisation. The reaction 
became slow after uptake of 320 ml. and was complete after a total addition of 570 ml. Excess 
of permanganate was destroyed by a few drops of methanol. The manganese dioxide was 
filtered off and twice extracted with boiling water (50 ml.). The combined filtrates were 
neutralised and concentrated under reduced pressure to a small volume. The residue was made 
alkaline and extracted with ether; the extract contained only traces of an oil. The aqueous 
solution was acidified and extracted with ether (5 x 100 ml.). The extracts were washed until 
neutral, then dried, and the solvent was removed. Tetramethoxyphthalic acid was obtained 
as a colourless solid (3-5 g.) which crystallised from acetone-light petroleum (b. p. 40—60°) in 
prisms, m. p. 178—180° (after resetting at 135—136°) [Found: C, 50-2; H, 4:9; OMe, 41-89% ; 
equiv., 142, 144. C,(OMe),(CO,H), requires C, 50-35; H, 4:9; OMe, 43-4%; equiv., 143). 

The acid (100 mg.) was sublimed at 170°/0-05 mm. The sublimate crystallised from light 
petroleum (b. p. 60—80°) in needles, m. p. 1836—137° [Found : C, 53-8, 53-7; H, 4:5,4:5; OMe, 
46-1. C,O;(OMe), requires C, 53-7; H, 4:5; OMe, 46:3%]. The anhydride (50 mg.) was 
suspended in 2n-sodium hydroxide (10 ml.) and heated at 50°, with gradual dissolution. The 
solution was acidified after 2 hours and extracted with ether. The extract was washed with 
sodium hydrogen carbonate solution and on evaporation left only a trace of colourless solid. 
The sodium hydrogen carbonate washings were acidified and extracted with ether. After 
evaporation of the washed extract, crystalline tetramethoxyphthalic acid was obtained [from 
acetone-light petroleum (b. p. 40—60°)], m. p. 178—180° (after resetting at 135—-137°). The 
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mixed m. p. with the original acid (IV) was not depressed. The anhydride gave a positive 
fluorescein test. 

Tetramethoxyphthalic acid (95 mg.) was boiled under reflux with aniline (0-6 ml.) for 
15 minutes. Hot 50% ethanol (10 ml.) was added. On cooling, the pAthalanil (V1) crystallised 
in needles, m. p. 124—125° (after two recrystallisations from 50°, ethanol) (Found: C, 62-9; 
H, 4-9; N, 4:3. C,,H,,0,N requires C, 63-0; H, 5-0; N, 4:1%). 

1: 2:3: 4-Tetramethoxybenzene (VII).—Copper chromite (0-5 g.) and tetramethoxyphthalic 
acid (1-5 g.) in quinoline (30 ml.) were heated under reflux at 175° (bath-temp.). Carbon 
dioxide was given off and was collected in a solution of barium hydroxide by means of a stream 
of nitrogen. After 50 minutes the hot reaction mixture was poured into 2nN-hydrochloric acid 
(100 ml.). The brown solution was extracted with ether (4 x 100 ml.). The extract was 
washed with 2N-hydrochloric acid, 2N-sodium hydroxide (3 x 50 ml., see below), and water. 
After removal of solvent, the residual yellow oil (136 mg.) was distilled under reduced pressure 
at 110° (bath-temp.). It did not crystallise. The sodium hydroxide washings of the ether 
extract were acidified and extractéd with ether. After evaporation a yellow phenolic solid 
(702 mg.) which gave a blue ferric chloride reaction was obtained. It was dissolved in ethanol 
(2 ml.) and methylated with methyl sulphate (2-5 ml.) and sodium hydroxide (1:5 g.) as 
previously described. A yellow oil (320 mg.) was obtained which was fractionally distilled 
under reduced pressure. The main fraction (b. p. 120°, bath-temp.) crystallised in colourless 
needles [from light petroleum (b. p. 40—60°)}], m. p. 87—-87-5° after three recrystallisations. 
The mixed m. p. with authentic 1 : 2: 3: 4-tetramethoxybenzene, m. p. 87—88°, was unchanged. 

Gliorosein.—In addition to the microanalytical data supplied by Brian e¢ al. (loc. cit.) the 
molecular weight of gliorosein was determined (Rast) (Found: 188. C,9H,,O, requires M, 
198). 

Di-p-nitrobenzoate. Gliorosein (350 mg.) and freshly distilled f-nitrobenzoyl chloride 
(400 mg.) in pyridine (1 ml.) were heated on a steam-bath for one hour. The reaction mixture 
was treated as described in a previous experiment. The ester formed pale yellow needles [from 
chloroform—ethanol (1 : 2)], m. p. 261—262° (Found: C, 58-0; H, 4:0; N, 5:7%). The mixed 
m. p. with the same derivative of the quinol (II) was unchanged. 

0-1N-Sodium hydroxide was added to gliorosein (14 mg.) suspended in water (0-1 ml.). The 
solution instantaneously became yellow and after 3 minutes red, dissolution being complete. 
It was acidified with 2N-hydrochloric acid (0-05 ml.)._ On addition of 2% ferric chloride solution 
(0-1 ml.) orange needles of the quinone were formed (8 mg.), m. p. 62—63° after recrystallisation 
from light petroleum (b. p. 40—60°). The mixed m. p. with aurantiogliocladin was unchanged. 

A solution of gliorosein (300 mg.) in pyridine (2 ml.) was heated on a steam-bath for 2 hours. 
The pale yellow solution became dark red. The solvent was removed in vacuo and the remaining 
dark oil extracted with light petroleum (b. p. 60—80°). Concentration of the extract afforded 
orange-red crystals (170 mg.), m. p. 45—66°. An aliquot (68 mg.) in methanol (1 ml.) on 
treatment with 10% ferric chloride solution (1-5 ml.) at 35° for 10 minutes yielded orange 
crystals, m. p. 62—-63° after recrystallisation from light petroleum (b. p. 60—80°). A mixed 
m. p. determination with aurantiogliocladin showed no depression. The remainder (90 mg.) 
and sodium dithionite (300 mg.) were dissolved in hot water (1 ml.), shaken, and cooled. 
Colourless crystals (45 mg.) separated, of m. p. 81—82° after recrystallisation from light 
petroleum (b. p. 60—80°), mixed m. p. with the quinol (II), 81—83°. 

A solution of gliorosein (100 mg.) in acetic acid (6 ml.) was treated gradually on a steam-bath 
with chromium trioxide (33 mg., 1 equiv. of oxygen) in 50% acetic acid (10 ml.). After 2 hours 
the mixture was concentrated under reduced pressure, diluted with water (10 ml.), and extracted 
with ether. The extract was washed, dried, and evaporated. The residual orange oil (91 mg.), 
on treatment with water, afforded aurantiogliocladin as needles, m. p. and mixed m. p. 63—64° 
after recrystallisation from light petroleum (b. p. 60—80 

A solution of gliorosein (1-5 g.) in ethanol (3-5 ml.) was methylated with methyl sulphate 
(5-2 ml.) and sodium hydroxide (2-5 g.) as previously described. 1-6 G. of the tetramethyl 
ether (III), b. p. 78° (bath-temp.) were obtained. This was suspended in 2N-sodium hydroxide 
(16 ml.) and oxidised with potassium permanganate solution (170 ml. of 5%) as described 
earlier. 1-1 G. of tetramethoxyphthalic acid were obtained, m. p. 174—178° (after resetting at 
135—-136°). The mixed m. p. with the acid described earlier was 176—180° (after resetting at 
134—135°). 


The author is greatly indebted to Dr. P. W. Brian and Mr. P. J. Curtis for supplies of the 
culture filtrate extracts, to Professor Wilson Baker for undertaking the synthesis of aurantio- 
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gliocladin and for supplying a specimen of 1: 2: 3: 4-tetramethoxybenzene, to Professor H. 
Raistrick for gifts of spinulosin, fumigatin, and 3: 4-dimethoxy-2: 5-toluquinone, to 
Dr. H. Raudnitz for valuable discussions and for allowing the continuation of his early work 
on these antibiotics, to Miss S. Britton and Miss S. Lathwell for technical assistance, and 
especially to Dr. L. A. Duncanson, who recorded and interpreted the infra-red absorption 
spectra. 
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168. Synthesis of Aurantiogliocladin. 
By Witson BAKER, J. F. W. McOmie, and D. MILEs. 


The paper describes an unambiguous synthesis of aurantiogliocladin, 
2: 3-dimethoxy-5 : 6-dimethyl-p-benzoquinone (VII), from o-4-xylenol. 


AURANTIOGLIOCLADIN, 2 : 3-dimethoxy-5 : 6-dimethyl-p-benzoquinone (Vischer, preceding 
paper), has been synthesised, and is identical with the material isolated from a species of 
Gliocladium. 

o-4-Xylenol and hexamine in acetic acid gave 2-hydroxy-4 : 5-dimethylbenzaldehyde 
(I) (aldehyde synthesis of Duff and Bills, J., 1932, 1987; 1934, 1305), which was nitrated 
to 2-hydroxy-4 : 5-dimethyl-3-nitrobenzaldehyde (II). Oxidation of (II) by alkaline 
hydrogen peroxide (Dakin reaction) gave 4 : 5-dimethyl-3-nitrocatechol (III), which was 
dimethylated and reduced, giving 3-amino-] : 2-dimethoxy-4 : 5-dimethylbenzene (V), 
characterised as its N-benzoyl derivative. The amine (V) was coupled in acid solution 
with diazotised sulphanilic acid, and the azo-compound, without isolation, was reduced 
to the diamine (VI) by alkaline sodium dithionite (hydrosulphite). The crude diamine (VI) 
was finally oxidised by ferric chloride in cold aqueous solution under a layer of light 


petroleum (cf. synthesis of fumigatin, 3-hydroxy-4-methoxy-2 : 5-toluquinone, Baker and 
Raistrick, J., 1941, 670), giving 2: 3-dimethoxy-5 : 6-dimethyl-f-benzoquinone (VII), 
identical with natural aurantiogliocladin. 
NO, NO, NH, 
Me OH Me’ OH Me’ OH Me/ \OMe 


Me, |CHO ~ Me, (CHO —* Me. }OH Me\ OMe 


(11) (III) (IV) 
NH, Q NO, 
Me? OMe een Me/ OH 
Mey, /»OMe “ Me, OMe Me, /~COMe 
> ae Wi 
NH, f 
(VI) (VII) (VII) 

The synthesis of aurantiogliocladin was first attempted from 2-hydroxy-4 : 5-dimethy]l- 
acetophenone which is much more easily prepared than the related aldehyde (I). Nitra- 
tion of this ketone readily gave 2-hydroxy-4 : 5-dimethyl-3-nitroacetophenone (VIII), but, 
unlike the nitro-aldehyde (II), the nitro-ketone was unattacked by alkaline hydrogen 
peroxide even on heating. The inaccessibility of 4 : 5-dimethylcatechol rendered it un- 
suitable as a starting-point in the synthesis. 


EXPERIMENTAL 
M. p.s are uncorrected. 
2-Hydroxy-4 : 5-dimethylbenzaldehyde (1).—o-4-Xylenol (20 g.), hexamine (140 g., 6 mols.), 
and glacial acetic acid (300 c.c.) were heated on a steam-bath for 5 hours, and, while still hot, 
treated with a boiling mixture of water (150 c.c.) and concentrated hydrochloric acid (150 c.c.), 
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then cooled, and poured into water. The product was steam-distilled, and the solid in the 
distillate was crystallised from light petroleum (b. p. 40—60°) (charcoal), giving nacreous 
plates, m. p. 67—68° (8 g., 32-5%). This aldehyde (I) was first prepared by Clayton (J., 1910. 
97, 1404) in unstated yield along with 2-hydroxy-3 : 4-dimethylbenzaldehyde from 3: 4-di- 
methylphenol by the Tiemann—Reimer reaction; a mixture of the isomerides was also obtained 
by the entirely different preparation used by Marvel and Higgins (J. Amer. Chem. Soc., 1948, 
70, 2219). 

4: 5-Dimethyl-3-nitrocatechol (I11).—Nitration of the aldehyde (I) (11 g.) according to 
Clayton (loc. cit.) gave a 77% yield of 2-hydroxy-4 : 5-dimethyl-3-nitrobenzaldehyde (II), 
m. p. 146—147°. This (5 g., 1 mol.) was dissolved at 80° in 5% aqueous sodium hydroxide 
(58 c.c., 3-5 mols.), the whole cooled rapidly with shaking, and to the suspension of the spar- 
ingly-soluble sodium salt was added 3% aqueous hydrogen peroxide (62 c.c., 1-25 mol.); a 
spontaneous rise of temperature from 20° to 48° occurred (20 min.). After the mixture had 
cooled it was acidified with concentrated hydrochloric acid, and the dark precipitate extracted 
with boiling light petroleum (2 x 100c.c.; b. p. 40—60°), giving 4: 5-dimethyl-3-nitrocatechol 
(III); a further amount of (III) separated from the aqueous liquor on saturation with sodium 
chloride (total yield, 1-58 g.)._ The pure phenol separates from water in yellow plates, m. p. 123 
124° (Found: C, 52-4; H, 4:6; N, 7-6. C,H,O,N requires C, 53-0; H, 4:9; N, 7-7%). 

1 : 2-Dimethoxy-4 : 5-dimethyl-3-nitrobenzene (1V).—The nitro-compound (III) (1 g.), acetone 
(20 c.c.), methyl sulphate (4-7 c.c.), and anhydrous potassium carbonate (3 g.) were boiled for 
10 hours, the mixture was filtered, the acetone filtrate and washings were boiled with water 
(} hour), and the solid ether was collected after cooling to 0°. Crystallisation from ethanol gave 
colourless plates (0:83 g.), m. p. 77—78° [Found: C, 56-9; H, 6-1; N, 6-7; OMe, 29-3. 
C,H,O,N(OMe), requires C, 57:1; H, 6-2; N, 6-6 ; OMe, 29-4%]. 

3-A mino-1 : 2-dimethoxy-4 : 5-dimethylbenzene (V).—The nitro-ether (IV) (1 g.) in ethanol 
(100 c.c.) was shaken at atmospheric pressure with hydrogen in presence of Raney nickel (0-5 g.) 
for 2 hours. The filtrate yielded the crude amino-compound (V) which solidified. It was 
characterised as 3-benzamido-1 : 2-dimethoxy-4 : 5-dimethylbenzene by treatment (1 g.) in pyridine 
at room temperature for 18 hours with benzoyl chloride (1-5 mols.), pouring on to ice, and 
crystallisation from ethanol; this formed thin prisms (0-9 g.), m. p. 171—172° [Found : C, 71-4; 
H, 6-6; N, 5-0; OMe, 22-7. C,,;H,,ON(OMe), requires C, 71-6; H, 6-7; N, 4-9; OMe, 21-8%). 

2: 3-Dimethoxy-4 : 5-dimethyl-p-benzoquinone (Aurantiogliocladin) (VII).—A solution of the 
crude amino-compound (V) (1-47 g.) in concentrated hydrochloric acid (2 c.c.) and water (5 c.c.) 
at 0° was added slowly to the diazonium solution prepared from sulphanilic acid (1-8 g.), 6% 
aqueous sodium carbonate (30 c.c.), 12% aqueous sodium nitrite (5 c.c.), and 11% aqueous 
hydrochloric acid (6 c.c.). After $ hour a 10° aquyeous solution of sodium hydroxide was 
added, and to the dark red solution was added sodium dithionite (15 g.) in portions with shaking 
at 60°, and the resulting orange solution was extracted while hot with ethyl acetate (3 x 50c.c.). 
The extracts yielded a dark, viscous material (0-9 g.) containing the diamine (VI), and this 
was dissolved in 8% aqueous hydrochloric acid (35 c.c.), covered with a layer of light petroleum 
(b. p. 60—80°) and shaken for 2 hours with a 20% aqueous solution of ferric chloride (15 c.c.). 
The orange-yellow petroleum layer was separated, and the aqueous layer extracted similarly 
3 times; evaporation of the combined extracts at room temperature under diminished pressure 
gave orange crystals (0:25 g.). After several recrystallisations from light petroleum (b. p. 
60—80°) aurantiogliocladin (VII) was obtained as bright orange plates, m. p. 62-0°, mixed 
m. p. with the natural compound (m. p. 62-5°), 62-0—62-5° [Found : C, 61-5; H, 6-4; OMe, 30-8. 
C,gH,O,(OMe), requires C, 61-2; H, 6-2; OMe, 31-6°%}. Like the natural compound this material 
dissolved in concentrated sulphuric acid with a pure violet colour. 

Both natural and synthetical material gave the same (mixed m. p.) mono-2: 4-dinitro- 
phenylhydvazone when treated with hot ethanolic 2: 4-dinitrophenylhydrazine containing some 
concentrated hydrochloric acid. After 4 crystallisations from ethyl acetate, this derivative 
from both sources formed small red needles, m. p. (oil-bath) 228—229° (decomp.), m. p. 243— 
244° (Kofler block) [Found : C, 51-4; H, 4:1; N, 14-9; OMe, 17-3. C,,H,,.0;N,(OMe), requires 
C, 51-1; H, 4:3; N, 14:9; OMe, 16-5%}. 

2-Hydroxy-4 : 5-dimethylacetophenone.—To o-4-xylyl acetate (1 mol.) was added in portions 
aluminium chloride (1-5 mols.), and the mixture kept at 120° for 10 minutes. After addition 
of dilute hydrochloric acid, heating, and cooling, the product was crushed, washed, and crystal- 
lised from dilute alcohol, giving the hydroxy-ketone as plates, m. p. 70—71° (72%). The con- 
ditions used by Auwers, Bundesmann, and Wiener (Annalen, 1926, 447, 176) gave a ketone, 
m. p. 71°, in unspecified yield. 
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2-Hydroxy-4 : 5-dimethyl-3-nitroacetophenone (VIII).—A solution of the preceding ketone 
(10 g.) in acetic acid (40 c.c.) was treated with a solution of nitric acid (12 c.c.; d 1-42) in acetic 
acid (12 c.c.). After 18 hours much water was added, and the solid washed and crystallised 
from ethanol, giving 2-hydroxy-4 : 5-dimethyl-3-nitroacetophenone (VIII) as faintly yellow prisms, 
m. p. 143—144° (9-0 g.) (Found: C, 56-7; H, 5-4; N, 6-9. C,9H,,O,N requires C, 57-4; H, 
53; N, 67%) 

[ue UNIVERSITY, BRISTOL. [Recetved, October 29th, 1952.} 


169. Studies in Peroxidase Action. Part VIII.* The Oxidation 
of p-Chloroaniline. A Reaction involving Dechlorination. 
By D. G. H. DANIELS and B. C. SAUNDERS. 


The peroxidase oxidation of p-chloroaniline at room temperature gave as 
the main product 2-amino-5-p-chloroanilinobenzoquinone di-p-chloroanil 
(I), the constitution of which has been established. Chloride ion was pro- 
duced in amount sufficient to account for the production of (I). When (I) 
was boiled with acetone, or the crude oxidation product extracted with this 
solvent, 2-pf-chloroanilino-5-isopropylideneaminobenzoquinone di-p-chloro- 
anil (IV) was formed, and its structure established by catalytic hydrogen- 
ation to the corresponding isopropylaminobenzoquinone (VII). 


It has already been shown that the system consisting of hydrogen peroxide and the enzyme 
peroxidase is capable (among other reactions) of eliminating the p-methyl group from 
mesidine (Chapman and Saunders, J., 1941, 496), and the /-methoxyl group from 4-methoxy- 
2 : 6-dimethylaniline (Saunders and Watson, Biochem. J., 1950, 46, 629) and from #- 
anisidine (Daniels and Saunders, J., 1951, 2112). In all these reactions, hydrogen peroxide 
was added intermittently (see below) and coloured crystalline compounds were obtained 
and their constitution determined. 
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___ In view of the stability of the chlorine atom in f-chloroaniline, it seemed desirable to 
investigate the action of the enzyme system on this substrate, particularly as f-toluidine is 
readily oxidised by the enzyme at pH 4-5 to coloured products without the elimination of 
the -methyl group (Saunders and P.J.G. Mann, /., 1940, 769). Throughout the oxidation 
of p-toluidine in dilute acetic acid, the pH remained constant at pH 4:5 in the absence of 
added buffer solution. 

In exploratory experiments, hydrogen peroxide was added to a dilute solution of 
p-chloroaniline in aqueous acetic acid (pH 4-5), and the oxidation started by addition of the 

* Part VII, J., 1951, 3433. 
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enzyme whereupon a deep red colour was produced. Hydrogen peroxide was added 
intermittently (30 hours) : only a small yield of red-brown solid oxidation product was ob- 
tained and the pH had fallen to 3-5. This fall was due to accumulation of hydrochloric 
acid (cf. below), and the low yield of solid could be attributed in part to the inhibition of 
the reaction by the change in pH and in part to retardation of the enzymatic oxidation by 
the consequent accumulation of hydrogen peroxide relative to the enzyme, since it is known 
that a large excess of hydrogen peroxide also inactivates the enzyme. 

Therefore, in later experiments, the oxidation of #-chloroaniline was carried out in 
acetate buffer at pH 4-6 which remained constant. In this way high yields of a red-brown 
solid were obtained and the method finally adopted for separating this product into its 
components involved (a) extraction with cyclohexane and crystallisation of the residue, 
giving a dark red compound (II), (6) concentration of the extract and vacuum-sublimation 
of the crystals obtained (giving orange 4 : 4'-dichloroazobenzene), and (c) crystallisation 
of the involatile material from benzene-methanol, giving a red compound (I). 

This is the first time that more than a trace of an azo-compound has been produced in 
peroxidase oxidation of an amine : this point will be discussed in a later paper. Elementary 


N-C,H,Cl N-C,H,Cl N-C,H,-OMe 


|| 
( \NH, “\NNH-C,H,Cl ( \NH, 
C,H,C/-NH CsH,CLNHY MeO-C,HyNH 
Y/ f 


(I) N-C,H,Cl (11) N-C,H,Cl (111)  N-C,H,-OMe 


analysis and acetylation showed that the compound (I) had the partial formula 
Cy,H,,;N3Cl,(NH,). Its general properties clearly indicated that it was 2-amino-5-p- 
chloroanilinobenzoquinone di-p-chloroanil (I), analogous to a compound which we had 
recently obtained by the oxidation of p-anisidine (Daniels and Saunders, doc. cit.) and shewn 
unambiguously to be (III). Further evidence in favour of structure (I) is given below. 

The properties of the dark red crystals (I1) agreed with those of tetra-p-chloroazophenine 
(Ikuta, Annalen, 1888, 243, 288). Only a small quantity was, however, produced in the 
oxidation. 

The aminochloroanil (1) could be produced from four mols. of #-chloroanil provided that 
dechlorination of one mol. of the latter takes place. We therefore examined the filtrate 
after removal of the solid product, and found that it contained chloride ion in amount 
approximately equal to that theoretically required for the formation of (I). 

During preliminary investigations of the crude solid product, the isolation of a stable 
orange crystalline compound, C,,H,,N,Cl,, from acetone extracts cdused some confusion 
until it was recognised as an artefact. It could not be acetylated, but reacted with - 

N-C,H,Cl C,H,Cl-N—CMe, N-C,H,Cl N-C,H,Cl 
Peal H II 
NICMe, oN /Ne “\AS\ Me ___( \NH-CHMe, 
C,H,Cl'NH , C,H,Cl'NH yg CH CrNHY / 
C,H,Cl-N Me i 
N-C,H,Cl N-C,H,Cl C,H,CI-N N-C,H,Cl 
(IV) (V) (VI) (VII) 
chloroaniline, in the presence of hydrochloric acid, with the elimination of ammonia, 
giving tetra-p-chloroazophenine (II). The subsequent isolation of the pure aminochloro- 
anil (I) from the oxidation product by cyclohexane extraction rendered it probable that the 
orange compound was the Schiff’s base (IV), or possibly (V). The cyclic structure (V) 
was at first thought to be more likely because of the well-known instability of the anils of 
acetone. Examination of a model of (V) showed that it could not be ruled out on steric 
grounds. Reddelien and Thurm (Ber., 1932, 65, 1511) have, furthermore, shown that the 
supposed Schiff’s base of acetone and aniline is a dihydroquinoline derivative formed by 
ring closure of a dimeric form of the true anil (with elimination of aniline). The corre- 
sponding product from our amino-anil (I) would be compound (VI), C39H,;N,Cl, which is 
not in agreement with our analytical figures. 
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rhree reactions showed that the Schiff’s base formula (IV) was correct. (i) Acetone 
was liberated when the compound was hydrolysed with dilute sulphuric acid. (ii) When a 
mixture of (IV), #-chloroaniline, and concentrated hydrochloric acid was heated, tetra-p- 
chloroazophenine (II) was produced. Incidentally this reaction provides further support 
for the structure of (I) since (II) is of known constitution. (iii) Reduction over a platinum 
catalyst gave a leuco-base from which air yielded a new quinonoid compound, C,,H,,N,Cls, 
the absorption spectrum of which was almost identical with that of the amino-compound 
(1), and the new compound was accordingly allotted the constitution 2-p-chloroanilino-5- 
tsopropylaminobenzoquinone di-p-chloroanil (VII). (The light absorption curves of these 
compounds are appended.) It follows that the orange compound was 2-f-chloroanilino-5- 
tsopropylideneaminobenzoquinone di-f-chloroanil (IV). Its stability, compared with the 
Schiff’s base of acetone and aniline, may be connected with the more extended conjugated 
system (including the chloroanil groups in the 1 and the 4 position) of which the zsopropyl- 
idene double bond isa part. The corresponding double bonds in the stable anils of aromatic 
aldehydes are similarly part of extended conjugated systems. 

The conditions under which (IV) was formed from (I) and acetone were investigated. 
Attempted catalysis of the reaction by acetic acid, sodium acetate, hydrochloric acid, and 
sodium hydroxide separately was ineffective. Quantitative conversion was achieved by 
prolonged heating of (I) under reflux with acetone, sodium acetate, and acetic acid, pre- 
ferably in the presence of a drying agent such as anhydrous sodium sulphate. Even so, 
the reaction was much slower than that occurring when the crude oxidation product was 
extracted with acetone. The nature of the catalyst in the latter case is unknown. 


EXPERIMENTAL 


Oxidation of p-Chloroaniline.—The p-chloroaniline was distilled at 116°/17 mm., and was 
then colourless: m. p. 69—70°. The enzyme had a P.N. of 25—30, and, for use, 0-25 g. was 
dissolved in water (20 ml.) giving a solution containing 0-3 unit per ml. -Chloroaniline (10 g.) 
was dissolved, with warming, in 1500 ml. of a 1-0M-buffer solution of pH 4-6, containing acetic 
acid (90 g.) and sodium acetate (204 g. of hydrated salt). After 16 hours, 3-5 g. of p-chloroaniline 
had crystallised. This was filtered off, leaving 6-5 g. still in solution. To this solution was 
added hydrogen peroxide (1 ml.; 20-vol.), no change being observed. The enzyme solution 
(1 ml.) was then added and a deep red colour was produced. After a few minutes the solution 
became turbid and an orange-brown precipitate separated, leaving the supernatant liquid 
colourless. Hydrogen peroxide (1 ml.) and enzyme solution (1 ml.) were added every 30 minutes 
until 40 ml. of each reagent had been added. At each addition of the reagents the solution 
became deep red again. The mixture was then filtered and the precipitate washed and dried 
(5-9g.). Further addition of the reagents to the almost colourless filtrate produced, on standing, 
a negligible amount of solid. It was therefore concluded that the oxidation was at an end. 

The filtrate. In a typical experiment, 6-80 g. of p-chloroaniline were oxidised and 5-86 g. 
of solid were filtered off. Aliquots of the filtrate and washings were estimated by Volhard’s 
method (Found: Cl’ in whole filtrate, 0-31 g.).. As shown later, 20% of the solid product of 
the reaction is 4: 4’-dichloroazobenzene. Hence in 5-86 g. of solid, 1-17 g. is the azo-compound 
and 4-69 g. is non-azo-compound. On the assumption that all this is the aminobenzoquinone 
anil (I), and is formed by the elimination of one chlorine atom from four chloroaniline residues, 
then chloride ion released should be 0-355 g._ As the non-azo-compound is not all compound (I) 
(see below), the agreement can be considered good. 

Treatment of the solid oxidation product. The washed solid was dried in vacuo (P,O;-NaOH). 
The solid (5-9 g.) was extracted (Soxhlet) with ether until the extract was colourless. EEvapor- 
ation of the brown solution to dryness gave red-brown crystals. These gave a deep violet colour 
with concentrated sulphuric acid. A single recrystallisation from ethanol gave red needles, 
m. p. 192-5°. Crystallisation of the red-brown solid from dioxan gave first red crystals, m. p. 
159—161°, then on concentration of the mother-liquor yellow-brown plates, m. p. 179—180, 
which on recrystallisation from methanol gave orange prisms, m. p. 182—183°. The last gave 
with concentrated sulphuric acid an orange colour identical with that obtained from 
4: 4’-dichloroazobenzene, An alternative method of separating the red crystals (vacuum- 
sublimation) is described below. By neither method was it possible to obtain as high an m. p. 
of the azo-compound as recorded (187-5—188-5°) by Bamberger and Baudisch (Ber., 1909, 42, 
3578). 
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The red-brown solid residue after the ether-extraction was then extracted exhaustively with 
methanol which removed a small quantity of dark tar. The small amount of residual red solid 
dissolved completely in benzene and was examined chromatographically on alumina. The 
lowest, main band was eluted with more benzene, and evaporation of the red eluate gave a small 
quantity of dark red crystals, m. p. 240—242°. The susbtance gave with concentrated sul- 
phuric acid a violet colour characteristic of tetra-p-chloroazophenine. After several recrystal- 
lisations from toluene or xylene, the m. p. was 261—262° (decomp.) (Found: C, 62-4; H, 3-8; 
Cl, 24-5. Calc. for Cyg,HagN,Cl,: C, 62:3; H, 3-5; Cl, 24-5%). Fischer and Hepp (Ber., 1888, 
21, 678) gave m. p. 265°. 

Alternative treatment of solid oxidation product. The original crude solid (5-75 g.) was extracted 
(Soxhlet) with cyclohexane (150 ml.). When the extract was cooled, brown crystals separated 
and were filtered off (4; 1-60 g.). The mother-liquor was concentrated to small bulk, and, on 
its cooling, a further crop (B; 3-02 g.) of brown crystals separated. The dark solid residue after 
the cyclohexane extraction was extracted with methanol to remove tar and then with benzene. 
From the latter solvent, crystalline tetra-p-chloroazophenine was obtained by the method 
described above. 

The brown crystals obtained from A and B were heated, in portions of ca. 0-25 g., in a small 
flask provided with a ‘‘cold thimble.”’ At 140°/0-5 mm. orange crystals rapidly sublimed, 
with negligible blackening of the residue. The temperature had to be carefully controlled, as 
at 150°/0:5 mm. decomposition of the residue was rapid, whereas below 135°/0-5 mm. sublim- 
ation was so slow that the residue had to be exposed to the elevated temperature for an unduly 
long period. At the optimum temperature, each portion was heated for 15 minutes only. The 
yields of sublimates from the crops A and B were 0-60 and 0-35 g. respectively. 

The sublimates, m. p. 176—178°, were mixed and after recrystallisation from methanol had 
m. p. 182—-183°. This substance was further purified by sublimation in a tube (60 x 0-5cm.), 
of which the bottom three-quarters was surrounded by a copper jacket. On insertion into an 
electrically-heated block, traces of two colourless impurities (m. p. 109—111° and 162—164° 


At 130°/0-1 mm., the 4: 4’-dichloroazobenzene moved only 10 cm., 


severally) sublimed. 
Calc 


forming magnificent orange plates, m. p. 183—184° (Found: C, 57-5; H, 3-65; N, 11-4. 
for C,,H,N,Cl,: C, 57-4; H, 3-2; N, 11-15%). 

The dark red non-sublimable residue was washed free from tar with a small volume of cold 
benzene, and recrystallised from benzene-methanol (1: 2) as scarlet needles of 2-amino-5-p- 
chloroanilinobenzoquinone di-p-chloroanil, m. p. 196—197° (Found: C, 62-1; H, 3-95. 
C,,H,,N,Cl, requires C, 61-6; H, 3-7%), giving a violet colour with cold sulphuric acid. Re- 
crystallisation from ether gave dark red needles containing solvent of crystallisation retained 
on drying for 3 hours at 50°/0-1 mm. [Found: N, Il-l. C,,H,,N,Cl;,4(C,H,),O0 requires N, 
11-1%], but lost in 20 hours at 100°/0-1 mm. (Found: C, 61-5; H, 4:0; N, 11-95. C,H ,N,Cl, 
requires C, 61:6; H, 3-7; N, 12-0%). The solvate slowly became lighter in colour because of 
loss of solvent. 

2-Acetamido-5-p-chloroantlinobenzoquinone Di-p-chloroanil—The amino-compound (I) 
(60 mg.) was boiled under reflux with acetic anhydride for 10 minutes. On cooling, the mixture 
became almost solid, and fine silky red needles were filtered off. After recrystallisation from 
ethanol, the acetyl derivative had m. p. 205—206° (Found: C, 61-1; H, 41; N, 10-8 
CygH1gON,Cl, requires C, 61-2; H, 3-77; N, 11-0%). 

2-p-Chloroanilino-5-isopropylideneaminobenzoquinone Di-p-chloroanil.—The crude oxidation 
product (3-8 g.) was extracted with acetone (Soxhlet), and the dark extract concentrated to 
small bulk and cooled, whereupon orange crystals (2:2 g.) separated. After recrystallisation 
from acetone or ethanol the isopropylidene compound had m. p. 197—198°, and mixed m. p. 
with (I) 175—180° [Found: C, 63-5; H, 4:2; N, 11-0; Cl, 21:39; M (cryoscopic in dioxan), 
450. C,,H,,N,Cl, requires C, 63-8; H, 4:2; N, 11-0; Cl, 21-0%; M, 507-5. CygHgsN,Cl, (VI) 
requires C, 65-7; H, 5-1; N, 10-25; Cl, 19-59%]. The compound gave a brown colour with 
concentrated sulphuric acid in the cold, changed to blue-violet on heating. This sulphuric 
acid solution when diluted with water showed a red fluorescence in ultra-violet light. 

Attempted acetylation. (i) The substance (50 mg.) was warmed with acetic anhydride for 
10 minutes and was recovered unchanged. (ii) A mixture of the substance and acetic anhydride 
was heated on the steam-bath for 14 hours. The solution, which had darkened considerably, 
gave ill-defined material on dilution with sodium hydroxide solution. (iii) Similar results were 
obtained when equal parts of acetic anhydride and pyridine were used, but a small amount of 
starting material was recovered. 

Reaction of 2-p-Chloroanilino-5-isopropylideneaminobenzoquinone Di-p-chloroantl (IV) with 
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p-Chloroaniline.—A mixture of the isopropylidene compound (0-1 g.), p-chloroaniline (1:15 g., 
ca. § mols.), and concentrated hydrochloric acid (0-1 ml.) was heated on a steam-bath for 8 
hours. The resultant mass was washed with cold methanol and then recrystallised from 
toluene, giving dark red crystals, m. p. and mixed m. p. with tetra-p-chloroazophenine, 258°. 
The compound gave the violet colour with concentrated sulphuric acid characteristic of the 
azophenine. 

Hydrolysis of (1V).—The tsopropylidene compound was dried at 60°/0-1 mm. for 8 hours to 
remove absorbed solvents. The compound (42-7 mg.) was boiled in dilute sulphuric acid (15 ml. 
of 20° acid diluted with 15 ml. of ethanol) for 20 minutes under reflux. The solution was then 
distilled and the first 2 ml. collected; 0-5 ml. of this distillate was treated with alkaline sodium 
nitroprusside (Feigl, ‘‘ Qualitative Analysis by Spot-Tests,’’ Cleaver Hume Press, 1947, p. 
349). A pink colour was produced indicating the presence of acetone. A “ blank”’ test 
omitting the isopropylidene compound was negative. 

Catalytic Hydrogenation of (IV).—(a) Over palladium oxide. The substance (32-0 mg.) was 
added after the catalyst (8-0 mg.) had"been reduced in dioxan (10 ml.)._ The uptake of hydrogen 
was 1:40 ml. (at N.T.P.) (1 mol. = 1-4 ml.). On exposure to air, the colourless solution soon 
regained its colour, and compound (IV) was recovered. After recrystallisation from alcohol it 
had m. p. and mixed m. p. 196—197°. 

(b) Over platinum oxide. Hydrogenation of (IV) (29-2 mg.) in dioxan (10 ml.) over Adams’ 
platinum oxide (10-0 mg.) was carried out similarly. The reaction did not reach a definite 
end-point, but was stopped after 30 hours when 7-90 ml. of hydrogen (at N.T.P.) had been 
absorbed (6 mols. = 7-74 ml.). When 87-7 mg. of (IV) and 49-1 mg. of catalyst (49-1 mg.) in 
dioxan or pure ethanol (25 ml.) were used, uptake was 32-0 ml. (at N.T.P.) (ca. 8 mols.) in 30 
hours. The colourless solution became red inair. The catalyst was filtered off and the solvent 
distilled, leaving fine red needles, m. p. 212—213°. After recrystallisation from acetone— 
methanol (1:1) 2-p-chloroanilino-5-isopropylaminobenzoquinone di-p-chloroanil had m. p. 
213—214° (Found: C, 63:7; H, 4:5; N, 10-9. (C,,H,;N,Cl, requires C, 63-6; H, 4:55; N, 
110%); it gave a violet colour with concentrated sulphuric acid. 

Synthesis of 2-p-Chloroanilino-5-isopropylideneaminobenzoquinone Di-p-chloroanil under 
Controlled Conditions.—The formation of this compound during the extraction of the crude 
oxidation product appeared to be fairly rapid. Thus in one experiment ca. 0-8 g. was extracted 
with acetone (Soxhlet) completely in about 2 hours. On concentration of the extract and 
cooling, orange crystals, m. p. 197—198°, were obtained. 

The most likely catalyst present in the crude solid was considered to be acetic acid, although 
other possibilities are sodium acetate and hydrochloric acid. Acetone solutions of the pure 
amino-quinone (I) (0-1 g.) were boiled for 3 hours with these reagents: the starting material 
was recovered unchanged in each case. The possibility that air was essential was ruled out by 
extraction of a mixture of the pure aminochloroanil and these reagents in a small Soxhlet 
apparatus. In each case there was no apparent change after 3 hours. 

An extraction of a mixture of the aminochloroanil (0-17 g.), anhydrous sodium acetate (0-1 
g.), and glacial acetic acid (0-1 ml.) for 12 hours yielded a very small crop of orange crystals 
giving the characteristic brown colour with concentrated sulphuric acid. 

Finally, the amino-compound (35 mg.) was mixed with anhydrous sodium acetate (13 mg.) 
and moistened with glacial acetic acid (0-5 ml.). Anhydrous sodium sulphate (0-5 g.) and acet- 
one (25 ml.; dried over K,CO,) were added and the mixture boiled under reflux at 60°. After 
4 hours a few orange crystals began to separate, although the solution was still dark red, and a 
drop of it gave a violet colour with concentrated sulphuric acid. After 24 hours’ heating, 
however, the solution was orange. The metallic salts were filtered off, the filtrate was concen- 
trated, and orange crystals separated on cooling (yield, 24-6 mg., 65%). After recrystallisation 
from acetone and methanol (1: 1), these had m. p. and mixed m. p. with authentic 2-p-chloro- 
anilino-5-isopropylideneaminobenzoquinone di-p-chloroanil, 196—198°. 


The substance of the paper was presented by one of us (B. C. S.) to the 2nd International 
Congress of Biochemistry, Paris, on July 22nd, 1952. We are grateful to the D.S.I.R. for a 
maintenance grant to one of us (D. G. H. D.). 


UNIVERSITY CHEMICAL LABORATORY, CAMBRIDGE. [Received, September 25th, 1952.] 
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170. Acylation and Allied Reactions catalysed by Strong Acids. Part 
VIII.* A Comparison of the Action of Acetyl and Benzyl Perchlorates 
on Benzene and Related Compounds. 

By H. Burton and P. F. G. PRAILL. 


The yield of aryl methyl ketone from acetylium perchlorate and aromatic 
hydrocarbons is : benzene <toluene <m-xylene. Addition of acetic anhydride 
diminishes the yield of ketone in the first two cases but increases that from 
m-xylene. Benzyl perchlorate with benzene at room temperature rapidly 
gives high yields of diphenylmethane and, under suitable conditions, higher 
substitution products. The benzyl cation is shown to be unstable. 


In Part III (J., 1951, 522) we showed that acetyl cations derived from acetylium per- 
chlorate were capable of displacing benzyl cations from suitably constituted benzyl ethers 
and that if the reaction was carried out in benzene a considerable amount of diphenyl- 
methane was formed. We had also shown in Parts I and II (/., 1950, 1203, 2034) that acetyl- 
ium perchlorate was a very efficient C-acetylating agent for anisole. It therefore appeared 
of interest to compare the reactivity of acetylium perchlorate with that of benzyl per- 
chlorate towards benzene. It must be pointed out that in our work on the benzyl ethers 
we found no indication of the formation of acetophenone. Further, Diels and Alder 
(Ber., 1927, 60, 716) have shown that, whilst acetylium perchlorate reacts readily with 
acetophenone, toluene, or o-xylene in hot acetic anhydride to give substituted pyrylium 
salts, benzene fails to react under similar conditions. 

We now show, as briefly reported earlier (Chem. and Ind., 1951, 939), that only traces 
of ketone are produced from benzene solutions of acetylium perchlorate after 24 hours at 
room temperature. The yield of acetophenone was ~5°% when the reaction was carried 
out in nitromethane: some intractable material was also produced. The yield was not 
markedly affected by the addition of small amounts of acetic acid but was reduced to less 
than 1% by addition of acetic anhydride. It appeared from the results in nitromethane 
that some of the ketone might be attacked further to produce the intractable material 
and this assumption was tested by treating acetophenone with acetylium perchlorate : 
after 4 hours, 0-2 mole of benzoylacetone per mole of acetylium perchlorate could be 
isolated, together with much intractable material. Some highly insoluble orange solid 
was also formed which was undoubtedly a pyrylium salt of the type described by Dilthey 
(J. pr. Chem., 1916, 94, 75). 

In view of the similarity of the acetylium and benzoylium ions (/., 1951, 529) and because 
benzophenone is unlikely to undergo further condensation under the conditions employed, 
we also carried out similar reactions with benzoylium perchlorate. In benzene alone less 
than 0-02 mole of ketone per mole of the perchlorate was produced after 24 hours at room 
temperature, but in nitromethane the yield was increased to 0-24 mole. 

In marked contrast to these results benzyl perchlorate reacted rapidly with 
benzene alone to give 0-7 mole of diphenylmethane and small amounts of more highly 
substituted products : the yield of the latter was much increased in nitromethane solution. 
The formation of the more highly substituted products should be favoured in nitromethane 
because, in the absence of the “ dilution effect ’’ due to a large amount of benzene, diphenyl- 
methane would be more susceptible to attack than benzene. Similar results were obtained 
with toluene. 

Acetylium perchlorate reacts with toluene to give p-methylacetophenone (0-44 mole) ; 
the yield was markedly increased (to 0-57 mole) in nitromethane. These yields were 
decreased by the addition of acetic acid or acetic anhydride and in the latter case an oil was 
produced which had the properties of a $-diketone. When the more reactive m-xylene 
was used the amount of ketone formed was increased by the addition of acetic anhydride 
as was found for anisole (loc. ctt.). 

The effect of adding anhydride to the benzene and toluene experiments is readily 

* Part VII, J., 1952, 4457. 
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explained if one assumes that the acetylium perchlorate attacks acetic anhydride more 
readily than benzene or toluene. Some support for this assumption can be derived from 
the fact that a solution of acetylium perchlorate in acetic anhydride darkens rapidly, 
eventually depositing a crystalline perchlorate and some tar. Attention was drawn to this 
point in our earlier work (Part II). 

We have not yet discussed the mechanism by which the $-diketonic material is formed. 
The reaction of acetylium perchlorate with acetophenone has already been mentioned and 
so has its reaction with acetic anhydride; two mechanisms are therefore possible : 


(1) RH + Act —> R-CO-CH, + Ht 
_y R-CO-CH,:CO-CH, + Ht 


eH 
(2) Ac,O + Act —> CH,°CO-CH,°COt + AcOH 


We believe that mechanism (1) occurs to some extent in the absence of acetic anhydride 
and that mechanism (2) accounts for the greater amount of high-boiling products in the 
case of the less reactive hydrocarbons. 

We have also carried out a number of experiments in which the acetylium perchlorate 
was prepared from 72% perchloric acid and acetic anhydride, so that the mixtures of 
necessity contained acetic acid. Two of our previous methods were employed, namely, 
(A) adding the hydrocarbon to the preformed solution of the perchlorate and (B) adding 
72% perchloric acid to the anhydride in the presence of the hydrocarbon. The results 
obtained show that the reaction is governed by the nucleophilic properties of the hydro- 
carbon and the nature of the cation. The reactivity of the substances investigated is in 
the expected order, #.e., anisole>m-xylene>toluene>benzene. The influence of relatively 
large amounts of acetic acid gives further evidence for the weaker acylating properties of 
the acetic anhydridium ion (AcgOH*). The slow acetylation of m-xylene under these 
conditions was also illustrated by adding acetic acid to the silver perchlorate—acety] 
chloride experiments, the yield of ketone was reduced from 0-86 to 0-18 mole. These 
experiments also substantiate our earlier suggestion (Part I) that the reaction, RH + 
Ac* ——> R:COMe + H_’, is relatively fast. The effect of increasing the dielectric constant 
of the medium by adding nitromethane is very noticeable, especially in the case of benzene, 
where the more highly conducting media give rise to increased amounts of ketonic material. 

In the experiments with silver perchlorate we used our previous method (J., 1950, 
2034) of preparing the organic perchlorate, viz., by addition of the appropriate halide to a 
solution of silver perchlorate in the reaction medium. It has been suggested that silver 
perchlorate can act as a Friedel-Crafts type of catalyst (Cauquil and Barrera, Bull. Soc. 
chim., 1951, c132) and in order to test this view for the systems under consideration it 
became necessary to modify our technique. We should point out that in an earlier com- 
parison (Part II) of acetyl chloride-silver perchlorate and perchloric acid—acetic anhydride 
we were unable to detect any catalytic effect of the silver salt, nor have we observed any 
increase in the yield of ketone from benzene on use of two moles of silver perchlorate to 
one of acid chloride. Our modified technique was to prepare a solution of the organic 
perchlorate in an inert medium, namely, nitromethane, from equimolecular amounts of 
organic halide and silver perchlorate. The precipitate of silver halide was filtered off under 
dry conditions and the second reactant added to the solution of the perchlorate. 

First, in the reaction of acetylium perchlorate with m-xylene we found that substantially 
the same yield of ketone was obtained in the absence or presence of silver perchlorate 
(owing to experimental difficulties it has not been possible to obtain absolutely quantitative 
comparisons). However, the amount of ketone isolated when excess of silver perchlorate 
had been added to the reaction mixture was somewhat lower, as would be expected if a 
common-ion effect was involved. We also found that, with benzoylium perchlorate and 
benzene, the presence of silver perchlorate was not essential for the reaction to occur. 

The same technique with benzyl bromide and benzene gave no product when the mix- 
ture was worked up in the normal way. By continuous solvent extraction of the “ silver 
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halide’ a resinous product was obtained which corresponded in amount to that to be 
expected from the reaction : 

nCH,Ph+ —-> (CHPh), + Ht 
This type of “ polymerisation’ of the benzyl cation was postulated by Monicelli and 
Hennion (J. Amer. Chem. Soc., 1941, 68, 1722) and was remarked upon in a previous com- 
munication (Part ITI). 

It is clear from these experimental facts that, whilst in the process of acylation the 
hydrocarbon-silver perchlorate system is not necessary for the reaction to occur, in alkylation 
it may be. In the case of benzyi perchlorate it is not easy to devise experiments which will 
give an unequivocal answer to this point. If the production of diphenylmethane depends 
upon an attack on the benzene-silver perchlorate complex by benzyl perchlorate (or the 
benzyl cation) it is not apparent how this process occurs, for the aromatic nucleus in such a 
complex might be expected to have at least a partial positive charge. A similar difficulty 
obtains in some of the reaction mechanisms postulated for the normal Friedel-Crafts 
reaction on benzene. It is possible that the reaction between the benzyl cation and the 
aromatic compound takes place on the surface of the silver halide. The concentration of 
ionic species in hydrocarbon solutions would not be expected to be appreciable at any time 
but it must be apparent that if organic ions are present then these can react with the hydro- 
carbon and allow more of the perchlorate to dissociate. It is not unlikely that the dissoci- 
ation is aided to some extent by the polar properties of the hydrocarbon under investigation, 
this would account for the particularly sluggish activity of benzene. The present work 
shows that if organic cations are formed in the presence of hydrocarbons they are extremely 
active entities. It also shows that the benzyl cation is much more reactive, and hence less 
stable, than the acetyl or the benzoyl cations. This may be attributed to the presence of 
the oxygen atom in the latter which enables the positive charge to be more evenly dis- 
tributed than is possible in the case of the benzyl ion. 

The work now described was undertaken to examine the overall effects of organic 
perchlorates on hydrocarbons and is of a semi-quantitative nature. Although all reason- 


able precautions were taken to exclude moisture, we do not claim to have used completely 
anhydrous conditions as would be required for kinetic measure- 

ments. We do not think that this invalidates any of our general 

arguments but we draw attention to it here because we hope 

subsequently to investigate the kinetics of some of the reactions. 


EXPERIMENTAL 

Materials.—Acety] chloride, acetic acid, and acetic anhydride were 
“AnalaR ’’ reagents. Traces of sulphur compounds in “ AnalaR ”’ 
benzene were removed by several hours’ refluxing with Raney nickel 
before drying over sodium wire and redistilling. This procedure was 
found advisable in order to prevent the formation of small amounts of 
solid perchlorates in the reaction product. Toluene was sulphur-free. 
Silver perchlorate was treated as described in Part II (/., 1950, 2034). 
Benzyl bromide was of laboratory-reagent quality, and benzoyl 
chloride was freshly treated with thionyl chloride and redistilled. 
All other reagents were dried and re-distiiled. 

General Procedure A.—The acid chloride or benzyl bromide (0-05 
mole) was added during 10—15 minutes to a solution of silver 
perchlorate (0-05 mole) in a suitable quantity of hydrocarbon (depend- 
ing on the solubility of the silver salt), with or without nitromethane. 
the mixture was filtered rapidly through a sintered plate on to crushed ice, and the filter was 
washed with ether and then with water. The filtrate was extracted thrice with ether and the 
combined ethereal solutions were washed with water until the washings no longer gave an acid 
The dried (Na,SO,) extract was then evaporated and the residue was 


After an appropriate time 


reaction (Congo). 
fractionated in a vacuum. 
General Procedure B.—The apparatus used was of the type illustrated in the Figure. Silver 


perchlorate was weighed in stoppered flask a and this was kept for at least 24 hours in a vacuum- 
desiccator (P,O;) and reweighed before use. The silver salt was dissolved in nitromethane 
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(125 g.) and the flask was then fitted with a dropping funnel, and a sintered filter b with a three 
way adapter; the latter was fitted with a calcium chloride tube and a second flask c. The 
solution was cooled in ice—salt for 30—60 minutes and the organic halide, in an equal weight of 
nitromethane, was then added with shaking, during the next 10—15 minutes. After 15—30 
minutes the apparatus was inverted and the solution was sucked into c. The silver halide was 
then washed rapidly with nitromethane (21 g.) and sucked as dry as possible. Flask a and the 
filter were then replaced by a thermometer. The hydrocarbon (0-2 mole) was added and the 
mixture was left for an appropriate period before working up as in procedure A. 


Acylation experiments. 


Reactions with Benzene.—When benzene was used as solvent it was necessary to use a relatively 
large amount (230 g.) owing to the low solubility of the silver salt. Procedure A was employed 
and acetyl chloride was added at 10—-15°; the mixture was then left at room temperature for 
24 hours. The small amount of acetophenone was isolated as the 2 : 4-dinitrophenylhydrazone 
(0-0003 mole), m. p. and mixed m. p. 230°. When benzoyl chloride was substituted for acetyl 
chloride the yield of ketone (as 2: 4-dinitrophenylhydrazone, m. p. and mixed m. p.) did not 
exceed 0-001 mole. No ketone could be detected when benzoic acid (0-05 mole) was added to the 
mixture. 

Experiments in nitromethane (thrice the combined weight of benzene and acid chloride) 
were carried out with benzene (0-2 mole) for 24 hours at room temperature. Under these 
conditions approx. 0-002 mole of acetophenone was obtained together with 0-9—1-1 g. of in- 
tractable material. By reducing the reaction period to 2 hours the total weight of product was 
less but the amount of ketone isolated was 0-003 mole. 

When a mixture containing an excess of silver perchlorate (0-05 mole) in benzene (0-4 mole) 
and nitromethane (104 g.) was kept for 2 hours at room temperature the amount of ketone 
isolated was 0-0015 mole. 

Similar results were obtained in the presence of acetic acid (0-05—0-1 mole), but when acetic 
anhydride (0-2 mole) was added to the mixture only traces of ketone were produced. 

In nitromethane benzoyl chloride gave rise to benzophenone (0-012 mole) and some non- 
distillable residue (1-5 g.). When procedure B was employed the yields were benzophenone 
0-009 mole, and residue 1-0 g. 

Reactions with Toluene.—In procedure A the silver perchlorate was dissolved in toluene 
(0-2 mole) and the mixture was left for 24 hours at room temperature. The fraction, b. p. 
100—110° (mainly 105—106°)/15 mm. (0-022 mole), was redistilled at atmospheric pressure 
(b. p. 215—220°), and characterised as the 2: 4-dinitrophenylhydrazone, bright red needles 
{from ethyl acetate-chloroform (1: 1)], m. p. 256° (decomp.), which did not depress the m. p. 
of p-methylacetophenone 2: 4-dinitrophenylhydrazone. There was also a small fraction 
(0-6 g.) of higher-boiling material (140—165°/15 mm.) and a viscous residue (0:8 g.). 

When the reaction was carried out in nitromethane (36-8 g.) for 2 hours the yield of ketone 
increased to 0-028 mole. 

Similar experiments in which acetic anhydride (0-15 mole) was added before the acetyl 
chloride gave only traces of p-methylacetophenone. The main product (1-3 g.) boiled in the 
region of 150° at 20 mm.; it was a pale yellow, sweet-smelling oil, failed to give a 2 : 4-dinitro- 
phenylhydrazone, but gave a crystalline sodium salt with 2N-sodium hydroxide and an intense 
reddish-violet colour with alcoholic ferric chloride. 

Reactions with m-Xylene.—Silver perchlorate was dissolved in m-xylene (0:2 mole) and 
nitromethane (37 g.); the mixture was left for 2 hours at room temperature. The ketonic 
fraction (0-043 mole) distilled at 82°/5—6 mm., and at 225°/latm. Only a small residue (0-3 g.) 
remained. 2: 4-Dimethylacetophenone was characterised as the 2: 4-dinitrophenylhydrazone, 
bright orange-red needles (from ethyl acetate), m. p. 169—170° (Found: C, 58-1; H, 4:9; 
N, 17:2. CygH,gO,N, requires C, 58-5; H, 4:9; N, 18-0%), and as the semicarbazone, m. Pp. 
191° (Heilbron’s “ Dictionary of Organic Compounds ” gives m. p. 185—187°). 

When the experiment was repeated with the addition of acetic anhydride (0-15 mole) and 
more nitromethane (15 g.), the yield of ketone was increased to 0-053 mole. The intractable 
residue (2-3 g.) from the distillation contained traces of nitrogen (Lassaigne’s test). 

The initial experiment was repeated with the addition of acetic acid (0-37 mole); the yield 
of ketone was then only 0-009 mole. 

When procedure B was used and the reaction mixture kept at 10—15° for 45 minutes the 
yield of 2: 4-dimethylacetophenone was 0-032 mole. In a second experiment under identical 
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conditions but in the presence of excess of silver perchlorate (0-05 mole) the yield of ketone was 
0-029 mole. 

Reactions with Acetophenone and p-Methylacetophenone.—Acetyl chloride (0-26 mole) was 
added during 25 minutes to a precooled solution of silver perchlorate (0-26 mole) in nitromethane 
(270 g.) and acetophenone (0-26 mole). The mixture was kept for 4 hours during which the 
temperature was allowed to rise slowly from 5° to 14°. The dark mixture was then worked up 
in the usual way. 

Acetophenone (0-16 mole) was recovered. Benzoylacetone (0-054 mole) distilled at 118— 
120°/9 mm. as a pale yellow oil which rapidly solidified on cooling; recrystallisation from 
methanol gave long colourless needles, m. p. 56°. (Beyer and Claisen, Ber., 1887, 20, 2180, give 
m. p. 60—61°.) The structure was confirmed by alkaline fission to acetophenone and a little 
benzoic acid. 

When the reaction was carried out with p-methylacetophenone and the mixture kept for 2 
hours, about half of the ketone was recovered. The p-methylbenzoylacetone (0-053 mole), b. p. 
126—132°/5—6 mm., distilled as a sweet-smelling pale yellow oil (Found: C, 74:8; H, 7-1. 
C,,H,,0, requires C, 75-0; H, 68%). Alkaline fission of the oil (2:0 g.) gave p-methylaceto- 
phenone (1-2 g.) and p-toluic acid (0-3 g.) (m. p. and mixed m. p.). 

S-Benzylthiuronium p-toluate recrystallised from ethanol as colourless needles, m. p. 188— 
189° (Vogel, ‘ Practical Organic Chemistry,’’ Longmans, Green & Co., London, 1948, p. 737, 
gives m. p. 164°). 

Reactions using 72% Perchloric Acid.—Series A. 72° Perchloric acid (0-05 mole) was added 
during 5—10 minutes to acetic acid (0-18 mole) and acetic anhydride (0-31 mole) cooled in ice 
water. The hydrocarbon (0-1 mole) was added during 5 minutes at 6—8° and the mixture was 
then left at 10—15° for 4 hours (48 hours in the case of benzene and 2 hours in the case of anisole). 
The mixture was poured on crushed ice and then extracted thrice with ether. The combined 
ethereal extracts were washed successively with aqueous sodium carbonate, 2N-sodium hydroxide, 
and water. The dried (Na,SO,) solution was evaporated and the residue was fractionated. 

Series B. A mixture of the hydrocarbon (0-2 mole) with acetic anhydride (0-16 mole) and 
nitromethane (36-8 g.) was cooled to below 5° and 72% perchloric acid (0-05 mole) was added 
during 15 minutes, so that the temperature did not rise above 15°. The mixture was left at 
room temperature for 18 hours before being worked up as in series A. 

The amounts of ketone formed (in moles) were : 

C,H, PhMe m-C,H,Me, PhOMe 
Series A Trace Trace 0-004 0-033 
Series B Trace 0-0044 0-026 0-040 


Alkylation experiments. 

Reactions with Benzene.—Silver perchlorate in benzene (230 g.) was allowed to react with 
benzyl bromide at 5—6° for 45 minutes, procedure A being used. As a slight variation of tech- 
nique the whole reaction mixture was poured on crushed ice and left for several hours before 
filtration; this prevented separation of solid benzene on the sintered plate. Distillation of the 
residue gave a little (0-7 g.) unchanged benzyl bromide—possibly owing to the inhomogeneity 
of the reaction mixture. The main fraction consisted of diphenylmethane (0-036 mole), b. p. 
130—140° (mainly 134—135°)/16 mm., m. p. and mixed m. p. 25—26°. There was a viscous 
high-boiling residue (1-0 g.). 

When the reaction was carried out with benzene (0-2 mole) and nitromethane (72-8 g.), the 
diphenylmethane (0-021 mole) was accompanied by a fraction (1-4 g.), b. p. 165—200° (mostly 
185—190°) /4—5 mm., which partly solidified on cooling. The solid crystallised from alcohol 
and from methanol as colourless needles which had almost completely melted at 65° but did 
not become clear until 74° (Found: C, 93-1; H, 7-1. Calc. for C,gH,,: C, 93-0; H, 7-0%). 
There was a non-distillable residue (1-8 g.). 

When procedure B was used all but a trace of the material derived from the benzyl per- 
chlorate was retained by the silver bromide which was rather greasy in appearance; it was 
washed with water and dried. The powdered material (13-9 g.) was extracted (Soxhlet) with 
chloroform; the adsorbed substance was not completely extractable with ether in which it was 
sparingly soluble. Evaporation of the extract left a resin (4-2 g.) (Found: C, 87-6; H, 6-8. 
Calc. for C;H,: C, 93-3; H, 6-7%), which was obviously impure. It appears probable that 
oxygen was incorporated in the product at some stage. 

Reactions with Toluene.—The above experiments were repeated with toluene (0-2 mole). 
p-Methyldiphenylmethane (0-032 mole), b. p. 120—130° (mainly 128—130°)/7 mm., was charac- 
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terised by oxidation with chromic acid to p-methylbenzophenone, identified as the 2 : 4-dinitro- 
phenylhydrazone, orange-red needles (from ethyl acetate), m. p. 198—201° (Found: C, 63-7; 
H, 4:1; N, 14:7. Calc. for CygH,,0,N,: C, 63:8; H, 4:3; N, 14:9%). There was a high- 
boiling residue (1-9 g.). 

In nitromethane (72-8 g.) the same amount of p-methyldiphenylmethane (0-032 mole) was 
obtained but there was more residue (2-4 g.). 
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171. Acylation and Allied Reactions catalysed by Strong Acids. Part 
IX.* The Ease of Formation and Reactions of the Diphenylmethyl 
and Some Triarylmethyl Cations. 


By H. Burton and G. W. H. CHEESEMAN. 


Diphenylmethanol (benzhydrol) is readily converted by perchloric acid 
into the diphenylmethyl cation, and some substitution reactions of this ion 
are studied. Various triarylmethyl cations can be similarly prepared and 
these are shown to be active entities. A novel reaction of the tri-p-methoxy- 
phenylmethyl cation with nitromethane leading to 1:1: 1-tri-p-methoxy- 
phenyl-2-nitroethane is discussed. 
THE ready formation of ethers from triphenylmethanol and, e.g., methanol in presence 
of even traces of acid (cf. Hatt, J., 1938, 483) undoubtedly involves the intermediate 
formation of a triphenylmethyl cation which then reacts with the alcohol (ROH), the 
overall reactions being as follows : 
Ph,C-OH + H+ == Ph,COH, == Ph,C++H,O . . ee 
Ph,C+ (or Ph,C-OH,) + ROH == Ph,C-OR + H+ (orH,O) . . . . (2) 
The regeneration of the hydrogen (or hydroxonium) ion thus ensures that the processes are 
autocatalytic. 

Balfe, Kenyon, and Thain (J., 1951, 386; 1952, 790) have suggested, from work on the 
alkyl-oxygen fission of di-p-methoxyphenylmethy] phthalate and on the dismutation 
reactions of the carbinol, that carbonium-ion formation is a predominant factor in the 
changes they have investigated. We agree with this view and now present evidence that 
with a strong acid diphenylmethanol itself also undergoes reactions which indicate that the 
diphenylmethyl cation can be formed very readily. In view of the fact that 72% per- 
chloric acid was used in most of our experiments, thus introducing some water (2-2 moles 
per mole of HCIO,) into the reaction mixtures, it is not unlikely that the hydrated cation, 
Ph,CH-OH,g, is in fact the reactive entity but this does not invalidate the results obtained 
with highly active components. 

We have found that diphenylmethanol, phenol, and 72%, perchloric acid in nitro- 
methane at 100° for 4 hours gave 63% of p-hydroxytriphenylmethane or 86% of 2:4: 6- 
trisdiphenylmethylphenol according to the molecular proportions used. The last-named 
compound has previously been prepared by Schorigin (Ber., 1928, 61, 2516) using acetic— 
sulphuric acid as the condensing agent; our procedure is a decided improvement. Similar 
experiments with anisole gave p-methoxytriphenylmethane (89°) which was also con- 
verted further into 2: 4-bisdiphenylmethylanisole (93%): the 2:4: 6-trisubstituted 
derivative could not be prepared. 

Burton and Praill (Chem. and Ind., 1951, 939) have drawn attention to the fact that 
“ benzyl perchlorate” is an active benzylating agent even towards benzene. We now 
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find that ‘‘ diphenylmethyl perchlorate,” prepared im situ from diphenylmethyl chloride 
and silver perchlorate, will convert benzene during 2 hours at room temperature into 
triphenylmethane in 65% yield : 


Ph,CH*ClO,- + C,H, —> Ph,CH + H*Cl0,- 


The reaction is not so ready as that with the benzyl cation and we have shown (below) 
that under comparable conditions the triphenylmethy] cation is without action on benzene. 
The order of activity of the cations towards benzene is thus, benzyl>diphenylmethyl> 
triphenylmethyl, and is in the reverse order of the generally accepted view of their ease of 
formation. 

“ Triphenylmethyl perchlorate ”’ (Gomberg and Cone, Annalen, 1909, 370, 194), which 
is very readily obtained from triphenylmethyl chloride and silver perchlorate in nitro- 
methane or from the carbino! and perchloric acid in acetic acid, reacts slowly with anisole 
at room temperature to give at least 63°, of p-methoxytetraphenylmethane, which can 
also be obtained more conveniently in 87°, yield from triphenylmethanol, anisole, and 
72°% perchloric acid in nitromethane at 100° for 6 hours. There is no reaction with benzene 
under either set of conditions. -Hydroxytetraphenylmethane was also obtained from 
“ triphenylmethyl perchlorate ’’ and phenol in nitromethane at room temperature in 23% 
(48 hours) and 68% yield (7 days). 

The rearrangement of phenyl triphenylmethyl ether to #-hydroxytetraphenylmethane 
has been studied by van Alphen (Rec. Trav. chim., 1927, 46, 287) who found zinc chloride 
to be an effective catalyst. We have found that rearrangement also occurred very 
smoothly with 72% perchloric acid in nitromethane at 100° for 6 hours but only to a 
slight extent at room temperature during 7 days. It appears that the intermediate cation, 


CPh,-OHPh, is relatively stable under the last quoted conditions. 

The effect of substituents of opposite type, namely, methoxyl and nitro, on the pre- 
paration and activity of “ aroyl perchlorates ’’ was studied in Part 1V (J., 1951, 529). We 
have now investigated the ease of formation and reactivity of the tri-p-methoxyphenyl- 
methyl cation which is readily obtained from the carbinol and 72% perchloric acid. The 
combined influence of the three ~-methoxy-groups should facilitate the separation of the 
hydroxyl group from the original carbinol and also the perchlorate ion (or other anion) 
from its salts. When the carbinol was treated with 72° perchloric acid in nitromethane 
at 100° for 7 days there was obtained a moderately good yield of a nitrogen-containing 
compound which from its reactions and properties, must be | : 1 : 1-tri-p-methoxyphenyl-2- 
nitroethane, NO,*CH,*C(C,H,-OMe-f),._ Preferential formation of the nitro-derivative also 
occurred somewhat unexpectedly when solutions of the carbinol with anisole or phenol in 
an excess of nitromethane were heated with perchloric acid: no reaction occurred with 
phenol alone or in nitrobenzene during 7 days at 100°. As far as we are aware this is the 
first recorded case of a substitution process involving the attack of a purely organic cation 
on nitromethane. 

Tri-p-nitrophenylmethanol reacts normally with anisole and phenol in nitromethane 
under the influence of perchloric acid, yielding 4-methoxy- and 4-hydroxy-4’ : 4” : 4’”’- 
trinitrotetraphenylmethane, respectively: yields of 31 and 74% were obtained after 
reaction times of 4 and 3 hours, respectively, at 100°. It is clear that the combined electron- 
attracting effects of the three nitro-groups in the tri-p-nitrophenylmethyl cation do not 
hinder the reaction with suitably activated molecules. 

Our results with the triarylmethyl cations show clearly that, under suitable experimental 
conditions, they are active entities. Their non-reactivity towards benzene is very similar 
to the non-reactivity of the acetyl cation towards the same molecule (Burton and Praill, 
loc. cit.), and in our opinion is due to the symmetrical structure of the benzene molecule 
rather than the size of, or any steric factor connected with, the triarylmethyl cation. The 
non-reactivity of the tri-p-methoxyphenylmethyl cation towards anisole and phenol in 
nitromethane, and to phenol alone or in nitrobenzene or in methyl cyanide, may appear 
surprising in view of the results obtained with other triarylmethyl cations. It is however 
well known that the properties of the perchlorate resemble more nearly those of a “ true 
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salt,’ and we suggest that in nitromethane (or nitrobenzene) there is formation of the 
solvated salt [R*NO,>C*(C,H,’OMe),/ClO,-, owing to the electron-donating properties 
of the nitro-group. It would appear that the solvated cation is unreactive towards anisole 
and phenol, but that that from nitromethane undergoes slow conversion into the tri-p- 
methoxyphenylnitroethane. It is probable that this is an “intramolecular ’’ process. A 
similar rearrangement does not appear to occur in nitrobenzene or in methyl cyanide. 

The above suggestion that nitromethane can act as an electron-donor towards a triaryl- 
methyl cation has been envisaged by Bentley, Evans, and Halpern (Trans. Faraday Soc., 
1951, 47, 711; see also Bentley and Evans, J., 1952, 3468) in their work on the ionisation 
of triarylmethyl chlorides in nitroalkanes. 


EXPERIMENTAL 


p-Hydroxytriphenylmethane.—72% Perchloric acid (0-5 c.c.) was added to diphenylmethanol 
(18-4 g., 0-1 mol.) and phenol (50 g., ca. 0-5 mol.) dissolved in nitromethane (50 c.c.). The 
mixture was kept at 100° for 4 hours, cooled, poured into water, and extracted with chloroform, 
and the chloroform extract washed with water; volatile products and excess of phenol were 
then removed in steam. The residual oil was extracted with chloroform, and the extract dried 
(Na,SO,) and evaporated in a vacuum. After two crystallisations from aqueous acetic acid 
colourless plates (16-3 g., 63%), m. p. 110—112°, were obtained. Pure p-hydroxytriphenyl- 
methane, m. p. 112-5—113-5°, was obtained by further crystallisation from aqueous acetic acid 
and aqueous ethanol. It was readily converted into the dibromo-derivative, m. p. 130—131°. 
p-Hydroxytriphenylmethane is stated to have m. p.s ranging from 110° to 118°; the m. p. of the 
dibromo-derivative is given as 130° (van Alphen, Rec. Trav. chim., 1927, 46, 801). 

2:4: 6-Trisdiphenylmethylphenol.—72% Perchloric acid (5 drops) was added to diphenyl- 
methanol (5-52 g., 0-03 mol.) and phenol (1-0 g., ca. 0-01 mol.) dissolved in nitromethane (10 c.c.). 
The light brown solution was kept at 100° for 4 hours and then cooled to 0°; 2: 4: 6-tris- 
diphenylmethylphenol (5-1 g., 86%), m. p. 162—164°, separated as colourless needles. After 
two crystallisations from chloroform-—methanol (1:1; 6 parts; 85% recovery) the m. p. was 
raised to 166—167°. The phenol was unchanged by treatment with ethereal diazomethane. 

p-Methoxytriphenylmethane.—72% Perchloric acid (1 c.c.) was added to diphenylmethanol 
(36-8 g., 0-2 mol.) in nitromethane (120 c.c.) and anisole (120 c.c.). The light brown 
solution was kept at 100° for 3 hours, then cooled, poured into water, and extracted with 
ether; the ethereal layer was washed with water (to remove acid) and dried (Na,SO,). Solvent 
and excess of anisole were removed by distillation; the residue after being heated to 140°/20 mm. 
was distilled at3mm. A fraction (49 g., 89%), b. p. 204°/3 mm., solidified to colourless crystals 
of p-methoxytriphenylmethane (m. p. 60—64°). Successive crystallisations from ethanol 
(5 parts; 77% recovery) and light petroleum (5 parts; 77% recovery) gave the pure ether, 
m. p. 66—67° (Found: C, 87-15; H, 6-45. Calc. for C,9H,,0: C, 87-55; H, 6-6%). 

The residue from the distillation solidified on trituration with light petroleum; the solid 
(1:8 g.), m. p. 140—145°, was recrystallised from light petroleum (b. p. 80—100°; 40 c.c.), 
giving colourless needles (1-55 g.), m. p. 146-5—147-5°, of 2 : 4-bisdiphenylmethylanisole (Found : 
C, 89-75; H, 6-259; M, 382. C3,H,,O requires C, 89-95; H, 6-490; M, 441). 

2: 4-Bisdiphenylmethylanisole-—72%, Perchloric acid (3 drops) was added to p-methoxy- 
triphenylmethane (2-74 g., 0-01 mol.) and diphenylmethanol (1-84, 0-01 mol.) in nitromethane 
(10 c.c.). 2: 4-Bisdiphenylmethylanisole crystallised as colourless needles from the reaction 
mixture, which was kept at 60—70° for 1 hour. After cooling to 0°, the product (4:1 g., 93%) 
m. p. 146—148°, was filtered off and washed with a little cold nitromethane. 

Reaction of ‘‘ Diphenylmethyl Perchlorate”’ with Benzene.—Freshly distilled diphenyl- 
methyl chloride (19-2 g, 0-095 mole) in benzene (50 c.c.) was added dropwise with shaking to 
a solution of silver perchlorate (20-7 g., 0-1 mole) in benzene (600 c.c.); there was an immediate 
precipitation of silver chloride. The mixture was kept at room temperature for 2 hours, the 
silver chloride filtered off, and the filtrate poured on crushed ice. The yield of silver chloride, 
after successive washing with benzene, water, and benzene, and drying at 100°, was almost 
quantitative. The benzene layer was washed free from acid with water and dried (Na,SOQ,). 
After removal of solvent in a vacuum the residue was distilled at 3 mm. The pale yellow 
fraction, b. p. mainly 172—175°, crystallised to a mass of slightly coloured needles (15-0 g., 
65%). Crystallisation from ethanol (4 parts; 85° recovery) gave colourless needles, m. p. 
93—94-5°, of triphenylmethane. 
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Reactions of the Triphenylmethyl Cation.—(a) With anisole. Triphenylmethyl chloride 

53 g., 0-025 mole) in anisole (12 c.c.) was added dropwise to a solution of silver perchlorate 
3 g., 0-026 mole) in nitromethane (60 c.c.); there was immediate precipitation of silver 
chloride. The dark crimson supernatant liquid began to deposit needles after ca. 12 hours. 
The mixture was set aside for 7 days at room temperature and then filtered. The residue was 
washed with nitromethane and water, dried at 100°, and then extracted with cold chloroform 
(total 90 c.c.). The residual silver chloride weighed 2-8 g. (98°). The chloroform extracts 
were treated with charcoal and filtered, and the filtrate was diluted with methanol (45 c.c.). 
On cooling to 0°, p-methoxytetraphenylmethane (3-25 g.), m. p. 197-5—199°, crystallised in 
colourless needles; a further crop (0-92 g.), m. p. 195—196’, was obtained by concentration of 
the mother-liquor. The initial filtrate was treated with crushed ice and then extracted with 
chloroform. The chloroform extracts were washed free from acid with water and dried (Na,SO,). 
Chloroform and excess of anisole were removed at 100°/20 mm.; the residue solidified on 
trituration with methanol. The impure solid thus obtained gave p-methoxytetraphenyl- 
methane (0-2 g.), m. p. 197—199°, after successive crystallisation from 1: 1 chloroform—methanol 
and acetic acid: the total yield of ether was thus 63°4. When the reaction was carried out in 
the same solvent mixture for 18 hours, the ether was isolated in 16% yield. When anisole 
alone was the reaction medium only a trace of the ether was obtained after 24 hours. 

The ether was also obtained by addition of 72% perchloric acid (2 drops) to triphenyl- 
methanol (2-0 g.) in anisole (6 g.) and nitromethane (6 g.). The deep red solution was kept at 
100° for 6 hours; on cooling to 0°, p-methoxytetraphenylmethane (2-35 g., 87%), m. p. 196— 
198°, crystallised in colourless needles. 

(b) With phenol. A solution of triphenylmethyl chloride (6-9 g., 0-025 mole) in benzene 
(10 c.c.) was added dropwise to a solution of silver perchlorate (5-3 g., 0-026 mole) in nitro- 
methane (50 c.c.); there was immediate precipitation of silver chloride. Phenol (10 g.) in nitro- 
methane (30 c.c.) was then added and the mixture kept for 7 days. The solid obtained by 
filtration was washed with nitromethane and water, dried at 100°, and then extracted with 
chloroform (Soxhlet). The chloroform extracts yielded p-hydroxytetraphenylmethane in two 
crops (total 5-13 g.), m. p. 282—-284°. The residual silver chloride weighed 3-4 g. (96%). 
The original filtrate was poured on crushed ice and extracted with chloroform. The chloroform 
extracts were washed free from acid with water and dried (Na,SO,). After distillation of the 
lower-boiling solvents in a vacuum, the excess of phenol was removed by steam-distillation. 
The residual dark solid was filtered off, dried at 100°, and dissolved in chloroform. The solution 
was treated with charcoal, filtered, and concentrated to 25 c.c.; cooling to room temperature 
gave a further 0-53 g. (total yield 68°), m. p. 277—284°. 

p-Hydroxytetraphenylmethane was isolated in 23°, yield when the reaction was carried 
out for 48 hours. 

A dried ethereal solution of diazomethane (0-019 mol. in 20 c.c.) was added to a suspension 
of the phenol (1-0 g., 0-003 mol.) in methanol (10 c.c.); the mixture was kept at 0° for 3 days. 
Ether and excess of diazomethane were evaporated and the crystalline product (1-0 g.), m. p. 
199—200-5°, was collected. The ether was obtained as colourless needles (m. p. and mixed 
m. p. 200-5—-202°) by crystallisation from acetic acid (20 parts; 80% recovery). 

Rearrangement of Phenyl Triphenylmethyl Ether.—Phenyl triphenylmethyl ether (0-5 g.) 
was dissolved in nitromethane (2-0 c.c.) containing one drop of 72% perchloric acid, and the 
mixture kept at 100° for 6 hours. On cooling to 0°, crystals of p-hydroxytetraphenylmethane 
(0-38 g.), m. p. 279—281° (not depressed on admixture with an authentic sample), separated. 
The rearrangement occurred only to a slight extent when carried out at room temperature for 
7 days. 

Tri-p-methoxyphenylmethanol.—The methoxy-alcohol was prepared from tri-p-methoxy- 
phenylmethane according to the methods of Baeyer and Villiger (Ber., 1902, 35, 1198) and of 
Lifschitz and Girbes (Ber., 1928, 61, 1485). The oxidation procedure was modified as follows. 
Tri-p-methoxyphenylmethane (16-7 g., 0-05 mol.) was dissolved in boiling acetic acid (335 c.c.), 
and lead dioxide (= 0-075 g.-atom of oxygen) added in portions during 10 minutes. The mix- 
ture was heated under reflux for a further 5 minutes, then cooled and filtered, and the filtrate 
poured into water. The product was isolated by extraction with ether, the ethereal extracts 
were washed with dilute aqueous sodium hydroxide and then water and dried (Na,SO,). After 
evaporation, the residue was dissolved in hot ethanol (10 c.c.); on cooling to 0°, the red solution 
deposited the carbinol as pale orange needles (9-4 g.), m. p. 80-—82°. The mother-liquor was treated 
at the b. p. with picric acid (8-0 g.) dissolved in boiling ethanol (40 c.c.). The crimson picrate 
(7-5 g.), m. p. 229——230°, which separated was filtered off and was decomposed to the methoxy- 
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alcohol by shaking its suspension in chloroform (20 parts) with 0-05N-sodium hydroxide (1-25 
equivs.). ' The dried (Na,SO,) chloroform layer was evaporated in a vacuum and the residual oil 
crystallised from aqueous acetic acid. The total yield of carbinol was 75—80%. The carbinol 
was conveniently crystallised from ethanol (2 parts; 82% recovery) or from benzene-light petrol- 
eum (1:1; 3 parts; 80% recovery). 

Trvi-p-methoxyphenylmethyl Perchlorate.—70% Perchloric acid (1-8 c.c.) was added cautiously 
to a cooled solution of tri-p-methoxyphenylmethanol (5-25 g.) in acetic anhydride (10 c.c.). 
Crimson needles of the perchlorate soon separated; these were filtered off, washed with acetic 
acid, and dried in a vacuum-desiccator (KOH). The salt (5-8 g., 89%) had m. p. 193—195°. 

Reaction of Tvi-p-methoxyphenylmethanol with Nitromethane.—The methoxy-alcohol (5-0 g.), 
nitromethane (20 c.c.), and 72% perchloric acid (0-5 c.c.) were heated together at 100° for 7 
days, then poured into water, the product was extracted with chloroform, and the chloroform 
extracts were washed with water (to remove acid) and dried (Na,SO,). The residue obtained 
after removal of the solvent in a vacuum solidified on trituration with alcohol. The crude solid 
(3-5 g.), m. p. 101—104°, thus obtained separated from ethanol (35 c.c.) in needles (2-9 g.), 
m. p. 109-5—111-5°. Repeated crystallisation from ethanol gave colourless needles of 1: 1: 1- 
tri-p-methoxyphenyl-2-nitroethane, m. p. 113-5—114° (Found: C, 70:55; H, 58: N, 3-7. 
C,3H,,0,;N requires C, 70-2; H, 5-85; N, 3-6%). 

The combined ethanolic mother-liquors when treated at the b. p. with an excess of picric 
acid yielded 2-2 g. of tri-p-methoxyphenylmethyl picrate, m. p. 229—230° (= 1-4 g. of un- 
changed carbino)). 

The nitro-compound was readily soluble in boiling 2N-sodium hydroxide but insoluble in 
boiling 2N-sodium carbonate. It gave crystalline sodium, potassium, and barium salts, from 
which it was regenerated * by acidification. The compound gave no colour with aqueous or 
alcoholic ferric chloride solutions, and did not react with bromine-water or toluene-p-sulphonyl 
chloride in pyridine at 100°. 

When bromine (1 c.c.) was added dropwise to a solution of the compound (0-55 g.) in acetic 
acid (10 c.c.), heat was evolved. The mixture deposited crystalline solid which was collected 
after 30 minutes, washed with acetic acid and water, and dried. The tribyomo-derivative, crystal- 
lised in colourless needles from aqueous acetic acid, had m. p. 173—176° (Found: C, 43-4; 
H, 3-55. C,,H.gO;NBr, requires C, 43-8; H, 3-2%). 

Reaction of Tri-p-methoxyphenylmethyl Perchlorate with Ethanol.—A suspension of the per- 
chlorate (1:3 g.) in ethanol (5 c.c.) was refluxed for 3 hours during which time dissolution 
occurred and the mixture lightened in colour. The solution on cooling to 0° deposited tri-p- 
methoxytriphenylmethane (0-7 g., 70%), m. p. 53—55° (Found: C, 78-5; H, 6-9. Calc. for 
CygH,,0, : C, 79:0; H, 665%). Oxidation of the product with lead dioxide gave the alcohol, 
which was isolated (see above) as the picrate, m. p. and mixed m. p. 229—230°. 

Tri-p-nitrophenylmethanol.—Tri-p-nitrophenylmethane (Hantzsch, Bery., 1919, 52, 495) 
was converted into the alcohol by chromium trioxide oxidation as described by Fisher and Fisher 
(Ber., 1904, 37, 3357). Small quantities of 4: 4’-dinitrobenzophenone were isolated as a by- 
product. 

Reaction of Tri-p-nitrophenylmethanol with Anisole.—72% Perchloric acid (2 drops) was added 
to tri-p-nitrophenylmethanol (0-79 g., 0-002 mol.) dissolved in anisole (1-3 g., 0-012 mol.) and 
nitromethane (1-3 g.). The mixture was kept at 100° for 4 hours and then poured into water. 
The product was extracted with chloroform, and the chloroform extracts were washed with 
water (to remove acid) and dried (Na,SO,)._ The residual oil obtained after removal of volatile 
products in a vacuum solidified on trituration with benzene. Successive crystallisation from 
benzene (15 parts) and ethanol (350 parts) gave 4-methory-4’ : 4” - 4’’’-trinitrotetraphenyl- 
methane (0-30 g., 31%), m. p. 211—213°. The m. p. was raised to 213-5—215° by further 
crystallisation from ethanol (Found: C, 64:2; H, 3-85; N, 83. C,,H,,O,N3 requires C, 
64-3; H, 3:95; N, 865%). 

Reaction of Tri-p-nitrophenylmethanol with Phenol—Perchloric acid (72% w/w; 6 drops) was 
added to a solution of the nitro-alcohol (2-4 g., 0-006 mol.) and phenol (2-8 g., 0-03 mol.) in 
nitromethane (3-6 c.c.). The mixture was kept at 100° for 3 hours and then poured into water. 
The product was extracted with chloroform and the chloroform extracts were washed free from 
acid with water. Solvent and excess of phenol were removed in steam. The crude solid 
collected by filtration was dissolved in boiling ethanol (100 parts). The cooled solution deposited 


* The regenerated or freshly prepared nitro-compound was obtained crystalline with difficulty, 
presumably because of its existence in normal and aci-forms. 
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4-hydroxy-4' : 4’ - 4" -trinitrotetraphenylmethane (2-13 g., 749%), m. p. 281—282°, as a yellow 
crystalline powder. The phenol crystallised from acetic acid (20 parts) in pale yellow prisms, 
m. p. 282—283° (Found: C, 63-7; H, 3:85; N, 9:05. C,,;H,,0,N, requires C, 63-7; H, 3-65; 
N, 8-9%). 


We thank Imperial Chemical Industries Limited for a grant towards the cost of this in- 
vestigation 
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172. Acylation and Allied Reactions catalysed by Strong Acids. Part 
X.* The Alleged Activity of Silver Perchlorate as a Friedel-Crafts 
Catalyst. 

By H. Burton and P. F. G. PRAILL. 


Contrary to various statements in the literature, silver perchlorate has 
been found not to be a catalyst for the acetylation of m-xylene with acetic 
anhydride or for the polymerisation of styrene at room temperature. 


THE designation of silver perchlorate as a “ Lewis acid’ (Lewis, J. Franklin Inst., 1938, 
226, 293), because of the tendency of silver to complete a stable shell of two electron pairs, 
as in the formation of Ag(NH,),*, has given rise to the idea that silver perchlorate can act 
as a Friedel-Crafts catalyst. The catalysts normally used in the Friedel-Crafts reaction, 
e.g., metal halides, sulphuric acid, etc., are true catalysts since they can be recovered un- 
changed, except for halogen transfer, provided that they do not combine with the end- 
product. When secondary reactions are excluded, it is well known that the catalysts are 
able to give stoicheiometrically greater yields than would be possible if each molecule gave 
rise to only one molecule of product; the reason for this is known to be the constant re- 
generation of the catalyst by the reactants. The process by which this could occur with 
silver perchlorate is not easy to envisage and one would not expect it to be a catalyst in the 
above sense. The ability of silver perchlorate to form complexes with many unsaturated 
organic substances, e.g., aromatic hydrocarbons is, however, well known, and may be taken 
as an indication of its ‘‘ Lewis acid ” character; this property probably has no relation to 
its ability to act as a catalyst in the above sense. 

Silver perchlorate has been used as a component in a system for effecting acylation 
(Mackenzie and Winter, Trans. Faraday Soc., 1948, 44, 159, 171, 243; Barrera and Costa, 
Ann. Chim., 1949, 4, 82; Cauquil and Barrera, Bull. Soc. chim., 1949, 16, 689; Burton and 
Praill, /., 1950, 2034; 1951, 522, 529) but in these cases there is no evidence that it acts as 
a catalyst. Its sole function is the formation, by metathesis, of an organic perchlorate, 
which then reacts with the substance under investigation to give an acyl derivative; 

R:CO-X + AgClO, —> R:CO*CIO,- + AgX 
R’H + R-CO*CIO,- —> R’-CO-R + H* + ClO,- 
The presence of the true catalyst, HCIO,, can be shown by carrying out the reaction in an 
excess of an acid anhydride, when the yield may exceed that stoicheiometrically possible 
on the amount of acyl perchlorate used. This is due to regeneration of the acylium ion by 
the reaction : 
H+ + (R°CO*),0 => (R:CO-),OH* == R:CO* + R°'CO,H 

We have shown (locc. cit., and Part VIII, J., 1953, 827) that silver perchlorate has no 
observable catalytic effect on the acylation of aromatic compounds and, although it is 
not so easy to prove, we believe that this is true for alkylation also. 

We cannot support the recent assertion that silver perchlorate can act as a catalyst in 


* Part IX, preceding paper. 
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the acetylation of m-xylene by acetic anhydride (Cauquil, Barrera, and Barrera, Bull. Soc. 
chim., 1951, 18,791; Compt. rend., 1951, 233, 1117). All the results quoted could be equally 
well explained if the silver perchlorate used had contained a little perchloric acid. It is 
exceedingly difficult to remove all traces of perchloric acid from silver perchlorate. Never- 
theless, the amount of acid which it normally contains, after careful drying over phosphoric 
oxide and potassium hydroxide, is so small, that under our conditions its contribution as a 
catalyst would be insignificant. Contrary to these authors, we now show that mixtures 
containing | mol. of silver perchlorate, 3 mols. of acetic anhydride (t.e., those likely to be 
most efficient according to the above workers), and 4 mols. of m-xylene give no detectable 
amounts of ketone after 24 hours at room temperature. A small amount was, however, 
produced at 95° during 5 hours. In view of these results we carried out similar reactions 
using the more reactive anisole, and then found that the yields of ketone, based on the 
amount of silver perchlorate used, varied from 1 to 6% for periods of 24 to 64 hours at 
room temperature. We thought that this result might be explained if the chloride content 
(given as 0-001%) of the acetic anhydride used was due to the presence of acetyl chloride. 
However, the anhydride used, which had been refluxed for several hours with silver acetate 
and redistilled over fresh silver acetate, still gave similar amounts of #-methoxyaceto- 
phenone. It thus seemed possible that traces of perchloric acid might be responsible for 
the reaction. Accordingly, a suspension of powdered silver perchlorate in acetic anhydride 
was shaken for several hours with a little silver acetate, and the anisole then added to the 
mixture. The amount of ketone formed was barely detectable. This was also the case 
when a drop of water (ca. 0-06 mole) was added to mixtures of similar composition 
although in these circumstances a marked pink colour developed in the mixture. The 
effect of water was not altogether unexpected since we had shown previously (loc. cit.) that 
small quantities of acetic acid have little effect on the production of ketone but that beyond 
a certain concentration the yield is markedly decreased. Little importance attaches to 
the pink colour because we have shown that a similar, but more intense, colour can be 
produced in mixtures containing anisole, acetic anhydride, perchloric acid, and traces of 
silver nitrate. The colour is undoubtedly due to the formation of a compound of type (I) 


Meo’ S—-n=“ S—ome}* cio,- 
of SN < > fe}" ClO” (I) 


described by Kehrmann and Decker (Ber., 1921, 54, 2439). It is not improbable that 
traces of silver nitrate are occluded by the silver oxide used in the preparation of silver 
perchlorate. Our specimen of silver perchlorate in fact gave a slight positive reaction for 
nitrate with the diphenylamine reagent. 

The observation by Cauquil and her collaborators (occ. cit.) that when the above mix- 
tures are heated some of the ketone is oxidised to a carboxylic acid is also readily explained 
if perchloric acid existed in the mixtures. It must be pointed out that when mixtures such 
as these are heated there is always a possibility that some slight oxidation by the metal 
perchlorate may initiate the formation of perchloric acid; also that once oxidation by per- 
chloric acid has commenced any hydrogen chloride formed would serve to regenerate per- 
chloric acid from the silver salt. 

It has also been claimed that silver perchlorate is a Friedel-Crafts type of polymeris- 
ation catalyst. Thus, Eley and Richards (Trans. Faraday Soc., 1949, 45, 425) state that 
silver perchlorate will polymerise 2-ethylhexyl] vinyl ether, although it would appear from 
their results that the catalytic power is poor when compared with, e¢.g., that of stannic 
chloride; it was also shown that water had an appreciable accelerative effect on the re- 
action. However, the catalytic activity could be accounted for if traces of a much more 
efficient catalyst were present. This could be an alkyl perchlorate formed from traces of 
halide remaining in the vinyl ether. Alternatively, the silver perchlorate used might have 
contained a trace of free perchloric acid. Salomon’s results (Rec. Trav. chim., 1949, 68, 
903) on the polymerisation of styrene and related compounds could be similarly explained. 
We have found that styrene is unaffected by approx. 10° of its weight of silver perchlorate 
during 48 hours at room temperature. 
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EXPERIMENTAL 


Materials.—Silver perchlorate was treated as described previously (Part II). Acetic an- 
hydride was an “‘ Analak ”’ reagent, and m-xylene and anisole were dried and freshly redistilled. 

A solution of silver perchlorate (0-05 mole) in acetic anhydride (0-15 mole) and m-xylene 
(0-2 mole) was kept in a tightly stoppered flask in the dark at room temperature for 24 hours 
The mixture was then poured into cold water and extracted thrice with ether. After the 
combined extracts had been washed with water, thrice with 2N-sodium hydroxide, and again 
with water, the dried (Na,SO,) solution was evaporated. As much as possible of the unchanged 
m-xylene was distilled off (0:18 mole) and the residue treated with Brady’s reagent; there was 
no indication of 2 : 4-dinitrophenylhydrazone formation. Acidification of the alkaline washings 
gave no 2: 4-dimethylbenzoic acid. 

The experiment was repeated with anisole in place of m-xylene; 0-0005 mole of p-methoxy- 
acetophenone was isolated as the 2: 4-dinitrophenylhydrazone, m. p. and mixed m. p. 220°. 
No p-methoxybenzoic acid was detected. 

Other experiments were carried out under these conditions with the results referred to in the 
text. In every case the recovery of m-xylene or anisole was at least 90°, and in no case was 
any acidic product isolated. 

In the experiment to remove any perchloric acid from the silver perchlorate, the latter was 
crushed with a glass rod beneath the acetic anhydride, pure silver acetate (0-1 g.) was added, and 
the mixture was shaken for 3 hours before adding the anisole. 

An experiment in which m-xylene (0-1 mole), acetic anhydride (0-05 mole), and silver per- 
chlorate (0-05 mole) were heated on a steam-bath for 5 hours (internal temp. 95—97°) gave a 
deep orange-coloured mixture; a small amount of flocculent solid separated. The small 
amount of ketone (0-002 mole) was isolated as the 2: 4-dinitrophenylhydrazone. The alkaline 
washings contained a small amount of material (0-1 g.) which was partly soluble in aqueous 
sodium hydrogen carbonate. 

Silver perchlorate (0-95 g.) was dissolved in styrene (10 g.) which had been washed with 
2n-sodium hydroxide, dried, and distilled; the solution was kept in the dark for 48 hours at 
room temperature. Distillation of the mixture at 10—11 mm. gave 8-3 g. of unchanged styrene. 
In a control experiment without the silver perchlorate 8-6 g. of styrene were similarly recovered. 


We thank Imperial Chemical Industries Limited for a grant towards the cost of this 
investigation. 
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173. Calculated Surface Tensions of Some Organic Substances in 
the Solid State. 


By J. W. MitcHELr and G. A. H. ELTon. 


The applicability of the contact-angle method for the estimation of 
surface tensions of solids is discussed. Values for the surface tensions of 
four solid organic substances near their melting points are calculated from 
contact-angle data, and found to be slightly lower than those of the corre- 
sponding liquids. 


WHEN a drop of liquid is placed on a smooth solid surface, it may exhibit a 
variety of contact angles, depending on, inter alia, whether the liquid is advancing or 
receding over the surface, and whether or not the liquid and the solid phase are mutually 
saturated. In the system liquid-solid-air, when all phases are in equilibrium (1.e., 
mutual saturation, adsorption, etc., have occurred) an equilibrium contact angle 0, will 
be obtained, given by 
; cos Og = (ysa — yus)/yLa : +e ane a eee 

where ysa is the equilibrium free-surface energy (surface tension) of the solid-air interface, 
and yrs and yr, are the corresponding values for the liquid~solid and liquid-air interfaces. 
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It is not possible to use equation (1) to predict the value of 6, in a given system, since no 
reliable method exists for determining either ysa or ysu. It has, however, been suggested 
by Loman and Zwikker (Physica, 1934, 1, 1181), and more recently by Elton (J. Chem. 
Physics, 1951, 19, 1066), that measurements of contact angles might lead to information 
concerning ysa and ygr. 

It has been found that for two mutually saturated liquids an empirical rule due to 
Antonoff (J. Chim. physique, 1907, 5, 372) often holds, viz., that the interfacial tension 
between two immiscible phases is equal to the difference between the individual surface 
tensions of the (saturated) phases. There is, unfortunately, no theoretical basis for this 
rule at present, but it is true for the large majority of liquid pairs. If this rule is assumed 
to hold at a liquid-solid interface we obtain the equation, for mutual saturation of all 
phases, 
ysL =|ysa — yual tt ec ae » (2) 

From (1) and (2) if ysa > yia we obtain 

cos 6, = 1 vo mabe) Ae Me te ee eee eh 
the case corresponding to complete wetting of the solid by the liquid; and for yra > ysa 
we obtain 
YSA yia(l -+ cos Og)/2 ' oe ee 

By this equation a value for the surface tension at the solid-air interface can be 
calculated. Loman and Zwikker (loc. cit.) determined the contact angles of water and 
mercury drops on various polished geological specimens, and obtained in each case agree- 
ment to about 5°% between the values of ys, for a given specimen, using the two reference 
liquids. Elton (loc. cit.) calculated values for the surface tension of (saturated) paraffin 
wax from contact angles of glycerol, glycol, and water, obtaining values in close agreement 
with each other, and of about the same magnitude as those for other long-chain hydro- 
carbons in the liquid state, the agreement presumably indicating that saturation with the 
different liquids produces little change in the solid-air tension. Fox and Zisman 
(J. Colloid Sci., 1952, 7, 109) determined contact angles of a large number of liquids against 
solid polytetrafluoroethylene, but the calculated values of ys varied widely. No evidence 
was given, however, that mutual saturation was ensured in this case, although, even if 
this were so, the variation might be real, owing to alteration of the surface tension of the 
solid on saturation with the various liquids. Furthermore, deviations from Antonoff’s 
rule might be occurring. 

The investigation reported here was designed to attempt to clarify the situation 
concerning the applicability of equation (4) in various ways. 

(a) Use of Antonoff’s rule. Various organic solids were used, with water as the 
reference liquid. All the solids had low melting points, and their surface tensions, and 
interfacial tensions against water (mutually saturated in each case), were determined just 
above the melting points, in order to check that Antonoff’s rule applied for the liquid- 
liquid-air system. The substances chosen for study, viz., m-hexadecane, m-octadecane, 
diphenyl ether, and acetophenone, had convenient m. p.s (15—30°) and fairly low mutual 
solubility with water, and were regarded as unlikely to undergo the kind of interaction 
with water which leads to deviation from Antonoff’s rule (e.g., substances containing 
hydroxyl groups, or substances which tend to hydrolyse—acids, esters, carbon disulphide, 
methylene iodide, etc.—tend to deviate from Antonoff’s rule with water). As seen from 
the agreement between the last two columns in Table 1, Antonoff’s rule was obeyed in 


TABLE 1. 

System emp. yoa YWA ywa — Yoa ywo 
COMePh-H,O 25° 36-1 49-9 13-8 13-5 
Ph,O-H,O 38:1 69-4 31:3 31-2 
a ie "eee 26-6 63-0 36-4 36-4 
EDD © isiiciciieiccss ae 28-1 69-0 40-9 40-6 


each case. It was very difficult to remove small traces of heptadecanol from the octa- 
decane used in these experiments, and the results quoted for this substance must be 
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accepted with some reserve. In particular, ywa in this case is lower than might be expected 
if the hydrocarbon were completely pure. However, the results are of interest in showing 
the relation between the surface tension of this substance in the liquid form and the 
calculated value for the solid, and are therefore included. 

(b) Mutual saturation. Very careful precautions to ensure mutual saturation were 
taken (see Experimental section). 

(c) Value of the surface tension. Measurements of the surface and interfacial tensions 
of the liquid-liquid-air system were made at three temperatures just above the m. p. of 
the organic substance, to enable extrapolation of its surface tension in the liquid form to 
a temperature just below the m. p. at which ysa was calculated from contact-angle 
measurements. This enabled comparison of the calculated surface tension of the solid 
with the surface tension of the liquid at the same temperature. 
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(d) Preliminary check by use of liquid—liquid—air systems. As a check on the calculation 
of an unknown surface tension from known tensions and measured contact angles, some 
measurements were made in liquid-liquid—air systems, where all the surface and inter- 
facial tensions are directly measurable. The systems diphenyl ether—water-air and 
acetophenone-water-—air were studied by a method in which a free air bubble at a liquid— 
liquid interface is observed. The mutually saturated liquids (saturated also with respect 
to air) were placed together in a square-section optical glass cell in the thermostat, and an 
air bubble released in the (lower) organic layer. This rose to the interface and was held 
there, and when equilibrium was reached, after several hours, the bubble was of shape 
shown in Fig. 1. By the usual method we obtain 


ywo COS a, > Yoa COS 4; ywa COS 6, 


Hence, if the surface tensions yoa and ywa are known, and 6y, 99, 6,, are determined from a 
photograph of the bubble, a value for the interfacial tension ywo can be obtained and 
compared with the measured value. As seen from Table 2, which gives typical results 
for several bubbles, calculated and measured values of ywo were in good agreement, 
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indicating that the method of calculation from contact angles is certainly valid for a 
liquid—liquid-air interface. 

The results for contact angles and the calculated surface tensions of the various 
saturated solids at temperatures just below their m. p.s are given in Table 3, all tensions 
being in dynes/em., and these are shown in relation to the surface tensions of the 
corresponding saturated liquids in Fig. 2. The general form of the surface tension- 
temperature graph is the same for all four substances. In each case the surface tension 
of the solid, at or near its m. p., as calculated from equation (4), is found to be 2— 
3 dynes/cm. lower than the corresponding liquid tension. The loss in surface energy is 
presumably part of the general loss in energy occurring on solidification. 


TABLE 2. 

yYwo 

System Temp. YOa p P ; Found 
COMePh-H,0O ... 25° 36-1 56: 56°5 13-8 
y 36-1 51- 55-0 ; 13-8 
36:1 ‘ 44-0 13:8 
Ph,O-H,O 38-1 f 65-5 31-2 
38-1 5: ‘0 31-2 


TABLE ¢ 
. YSA 
System Temp. Og yta_ (calc.) System Temp. 
COMePh (S)-H,O(L) 16° 64:5 51-0 36-4 C,H, (S)-H,O(L) 26° 105-0 
Ph,O (S)-H,O (L)... 26 88:5 Tl-l 36:5 CigH gq (S)-H,O (L) 16 106-0 


These results indicate that, provided proper attention be paid to the attainment of 
mutual saturation, and to ensuring that the system is one likely to obey Antonoff’s rule, 
reasonable results for the surface tension of an air-solid interface may be obtained. A 
check on the numerical values of the results obtained must await the formulation of an 
independent method of determining such tensions, but it is submitted that results of the 
kind presented here will give at least a rough guide to the magnitude of the surface tensions 
of low-energy solids of the kind studied. 

Solids with high surface tensions (metals, ionic crystals, etc.) will present difficulties, 
however, since in order for a liquid to show a non-zero contact angle,it must have a surface 
tension greater than that of the solid. Few liquids of very high surface tension are 
available, except mercury, which is very difficult to obtain surface pure and may show 
differences in surface tension for different degrees of contamination. Furthermore, no 
advantage is obtained by replacing the air with another liquid and measuring angles in a 
liquid-liquid-solid system, since a calculation similar to that given above shows that in 
order to obtain a non-zero angle in such a system, the surface tension of the solid must be 
between those of the two liquids, so it is again necessary to find one liquid with a surface 
tension higher than that of the solid. 


EXPERIMENTAL 


Materials.—n-Hexadecane and n-octadecane were samples kindly supplied by Messrs. 
Shell Mex and B.P. Ltd., and were purified by mechanically stirring them at 2° above their 
m. p.s with several changes of concentrated sulphuric acid until no further darkening of the 
latter occurred. (The octadecane, which contained a little heptadecanol, required 30 hours’ 
stirring, with frequent changes.) They were washed several times with dilute sodium carbonate 
solution, followed by distilled water, dried (CaCl,), filtered, and fractionally frozen eight times, 
some 10%, being poured off each time. The resulting colourless crystalline solids had m. p.s: 
hexadecane 17-9°, octadecane 28-1°. 

Diphenyl ether was a pure sample, manufactured by Messrs. L. Light and Co.; it 
was distilled, and the middle fraction fractionally frozen as described above; m. p. 28-0°. 
Acetophenone was purified in the same manner and had m. p. 17-9°. 

Tap-water was found to be preferable to distilled water owing to its freedom from grease, 
and was used throughout. 
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Temperature Control.—In all the experiments described below, ranging from 15° to 40°, a 
water thermostat giving control to +.0-01° was used. The whole thermostat was mounted on an 
anti-vibration platform, since the drops and bubbles used in the surface-tension and contact- 
angle experiments were very sensitive to vibration. 

Surface Tensions and Interfacial Tensions of the Liquids——The pendant-drop method 
(Andreas, Hauser, and Tucker, J. Phys. Chem., 1938, 42, 1001) was used. The organic liquid 
was vigorously stirred mechanically with water for 10 hours in the thermostat at the 
temperature of measurement. When the two liquids were mutually saturated, a sample of 
either could be blown over, via all-glass connections, into a drop-forming pipette, suspended 
in a square-section optical glass cell in the thermostat. The air in the cell was kept saturated 
with respect to both liquids by the presence of saturated liquid in the cell. The profiles of the 
drops so formed were photographed with a Leitz ‘‘ Makam 1” camera on a microscope fitted 
with a 4” objective. The thermostat stirrer was switched off for a few moments while the 
exposure was made to eliminate vibration. Measurements were made on the photographs 
of (1) D,, the diameter of the drop at its greatest width, (2) D,, the diameter at a distance 
equal to D, above the base of the drop. The surface tension of the drop-forming liquid was 
then calculated from the equation y = gpeD,*/H, where g is the gravitational constant, p the 
excess density of the liquid, and H is a function of D,/D, given in tabular form by Fordham 
(Proc. Roy. Soc., 1948, A, 194, 1). 

Contact-angle Determinations.—The solid organic surfaces were prepared by solidification 
of the liquid saturated with water. Solidification in air gave a crystalline surface too rough 
to give reproducible results. For this reason the organic substance was solidified between two 
cylindrically curved pieces of glass. The glass attached to the concave face of the solid was 
carefully removed and the surface polished with clean strips of paper (see MacDougall and 
Ockrent, ibid., 1942, A, 180, 151) until microscopic examination showed a smooth surface 
The solid, still attached to the other piece of glass, was placed concave side downwards in the 
cell, with its axis in line with that of the microscope, and covered with water saturated with the 
organic substance. An air bubble was then placed on the solid, allowed to come to equilibrium, 
and photographed, the angle of contact being directly measured on an enlarged photograph. 
With experiments carried out in this way the angle obtained was found to be independent of 
the size of the bubble (sizes used, 0-05—0-3 cm.) provided it was allowed to come to equilibrium, 
indicating that the angle obtained was a true equilibrium one. The method of placing an air 
bubble under the plate was preferred to placing a liquid drop on the plate in air, owing to the 
smaller risk of contamination. The measured angles were reproducible to about +0-5°; the 
values given in Table 3 are the means of a large number of determinations. 

Cleaning of Apparatus.—All glass apparatus was thoroughly cleaned in alcohol-nitric acid, 
washed many times in distilled water, and dried in an electric oven before use. 
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174. Properties of Ion-exchange Resins in Relation to Their 
Structure. Part V.* Exchange of Organic Cations. 
By D. K. Hate, D. I. Packuam, and K. W. PEPPER. 


Studies have been made of the absorption of quaternary ammonium ions 
by sulphonated polystyrene resins of different cross-linking. In column 
experiments using neutral solutions of the quaternary chlorides, the amount 
absorbed was found to decrease with increase in the degree of cross-linking 
of the resin and, in general, with increase in the size of the organic cation. 

In equilibrium studies with a 15% divinylbenzene resin, the amount of 
tetraethylammonium ion taken up from alkaline solution was equal to 
the theoretical exchange-capacity of the resin, but at pH 5, the uptake was 
about half the full capacity. This marked dependence of the absorption on 
pH—which is not observed with simple inorganic cations—corresponds to a 
sharp decline in the affinity of the organic cation for the resin as the latter 
absorbs more of the quaternary ion. Thus the relative affinity coefficient 
KR decreases from about 10 to 10 as the equivalent fraction of quaternary 
ion on the resin Xq increases from 0-1 to 0-9. 

Changes in certain properties of the resin were observed after complete 
conversion into the tetraethylammonium form; in particular, the weight- 
swelling increases and the affinity for potassium ion decreases. It appears 
that the resin undergoes an irreversible change in structure, consistent with a 
decrease in the degree of cross-linking. Swelling data indicate that, at low 
values of Xg, absorption of tetraethylammonium ion by the 15% divinyl- 
benzene resin is accompanied by displacement of an equal volume of water, the 
volume of the resin phase being virtually unchanged. At high values of Xq, 
absorption of quaternary ions causes an irreversible distension of the resin 
structure. 


THE influence of the degree of cross-linking of the resin on the ion-exchange behaviour of 
sulphonated polystyrenes in reactions with simple cations, e.g., sodium and hydrogen, has 
been described in Part IV (loc. cit.). It seemed desirable to extend this study to large 
organic cations where the effects of polymer structure and ionic size would be expected 
to be even more pronounced. 

With a phenolsulphonic acid resin, the affinities of quaternary ammonium ions have been 
shown to increase with increasing ionic size, the effect being attributed to increasing van 
der Waals forces (Kressman and Kitchener, J., 1949, 1208). Similar results have been 
obtained with sulphonated polystyrenes of low cross-linking; but with resins of high 
cross-linking, the affinity decreases considerably with increase in ionic size and also with 
increase in cross-linking (Gregor and Bregman, J. Colloid Sct., 1951, 6, 323). Over a wide 
range of cross-linking, the rates of exchange of quaternary ammonium ions on sulphonated 
polystyrenes decrease with increase in both ionic size and degree of cross-linking (Gregor 
et al., tbid., p. 20). The exchange of large organic ions is so slow, indeed, that with com- 
mercial resins of this type, the amount absorbed in column experiments under practical 
conditions is normally much less than the theoretical exchange-capacity of the resin, a 
value readily obtained with univalent metallic cations (Gregor ef al., loc. cit.; Pepper, 
J. Appl. Chem., 1951, 1, 124). Evidence regarding the equilibrium absorption of quater- 
nary ammonium ions is conflicting. Kressman (J. Physical Chem., 1952, 56, 118) concluded 
that the saturation capacity of a commercial sulphonated polystyrene resin for tetramethyl- 
and tetraethyl-ammonium ions was appreciably lower than that for ammonium ion. In 
these experiments, the hydrogen form of the resin was treated with solutions of the quater- 
nary ammonium salts. Using the hydroxides, in otherwise similar experiments, Gregor 
et al. (loc. cit.) found that many quaternary ammonium cations (with the possible exception 
of tetra-n-butylammonium) gave saturation capacities identical with that of univalent 
metallic ions even with highly cross-linked resins. 


* Part IV, J., 1952, 3129. 
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These effects are of practical importance for the following reasons. (a) The effective 
capacity of a resin used for the removal or recovery of ions from solution should be as high 
as possible. It may be advantageous, therefore, to employ lightly cross-linked resins 
(possessing high swelling) for the absorption of large ions (Kunin and Myers, Discuss. 
Faraday Soc., 1949, 7,114). (b) In difficult chromatographic separations, it is very desirable 
that the rates of exchange of ions between resin and solution should be high. Improved 
separations of amino-acid mixtures have been obtained by reducing the degree of cross- 
linking of the resin (Partridge, Brimley, and Pepper, Biochem, J., 1950, 46, 334).  (c) 
Resins may be employed as “ ionic sieves ’’ in separations based upon differences in rates 
of exchange or saturation capacities of the different ions in a mixture (Kressman and 
Kitchener, Discuss. Faraday Soc., 1949, 7, 90; Partridge, Nature, 1952, 169, 496). 

In this investigation, a broad survey was first made of the behaviour of a number of 
organic cations toward sulphonated polystyrenes of different cross-linking. Since the 
equilibrium absorption of cations under alkaline conditions may be influenced by the 
dissociation constants of the corresponding bases, only quaternary ammonium cations and 
the cations of strongly basic dyes were examined. The absorption of tetraethylammonium 
ions on a resin of 15°% nominal divinylbenzene content and the accompanying swelling 
changes were then studied in greater detail. 


EXPERIMENTAL 

Materials.—Sulphonated polystyrenes, containing nominally 2, 5, 10, and 15% of divinyl- 
benzene (DVB) and possessing weight-swellings of 3-50, 1:47, 0-84, and 0-62 g. of water per g. 
of dry hydrogen-form resin, were prepared (Pepper, Joc. cit.). After treatment with 2N-sodium 
hydroxide and 2n-hydrochloric acid, fractions of wet particle diameter within the range 230- 
270 uw were obtained by wet elutriation (Reichenberg, J. Amer. Chem. Soc., in the press). These 
fractions were used in the column experiments; other fractions of the 15% divinylbenzene resin 
were obtained for the equilibrium experiments. 

Recrystallised, laboratory-grade quaternary ammonium salts and dyes were used. Quater- 
nary salts not commercially available were prepared by standard methods. For example, 
trimethyl-v-octylammonium iodide was prepared by reaction of -octyl iodide with trimethyl- 
amine in nitromethane at 50° and recrystallisation of the product from alcohol-ether. Iodides 
and bromides were converted into the corresponding chlorides by passing a solution through a 
column of Amberlite IRA-400 (supplied by Messrs. British Drug Houses Ltd.) in the chloride 
form. Similarly, solutions of the quaternary ammonium hydroxides were obtained from the 
corresponding salts by using a column of Amberlite IRA-400 in the hydroxide form. The 
solutions of chlorides and hydroxides were standardized by titration with silver nitrate and 
hydrochloric acid respectively, and then diluted to the required concentration. 

Column Experiments.—The bed of resin (4:0 « 0-4 cm. diameter), supported in a glass tube 
between two glass wool plugs (Djurfeldt and Samuelson, Acta Chem. Scand., 1950, 4, 165), was 
converted into the hydrogen form with 2N-hydrochloric acid and washed with deionized water 
A 0-02n-solution of the quaternary ammonium chloride (pH 5-1) was then passed through the 
column at a constant rate of 0-5 ml. per minute, this rate being controlled by a dosage capillary 
and a constant-head device (idem, 1bid.). The acid liberated in the exchange-reaction, OCI 
HR => OR + HCl, was determined by titrating the effluent with 0-02N-sodium hydroxide at 
appropriate intervals. The amount of quaternary ion absorbed was expressed as a percentage 
of the total exchange-capacity of the column for sodium ion, previously determined by using 
0-02N-sodium chloride. In experiments with the salts of basic dyes, the titrations were carried 
out by means of a glass electrode and a direct-reading pH meter (Electronic Instruments Ltd.). 

The absorption of quaternary ammonium ions from 0-02N-solutions of their hydroxides was 
determined by a procedure similar to the above except that the effluent was titrated at intervals 
with 0-02N-hydrochloric acid. The amount of quaternary ion taken up by the resin was then 
calculated from the volume of solution passed and this titre. 

Equilibrium Experiments —The uptake of tetraethylammonium ions on a 15% divinyl- 
benzene resin (wet particle diameter 100—150 pu) from solutions of approx. constant total cationic 
concentration (0-02N) was determined as a function of the equilibrium pH. In one set of experi- 
ments, the resin samples were initially in the hydrogen form, and in a second set they started 
in the quaternary ammonium form. In the first set, different known amounts of 0-04N-tetra- 
ethylammonium hydroxide and 0-04N-tetraethylammonium chloride were added to flasks 
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containing weighed samples (approx. 0-2 g.) of air-dry hydrogen resin; in some cases 0-04N- 
hydrochloric acid was added instead of the hydroxide to give the more acidic systems. After 
dilution to 100 ml. with water, the flasks were shaken for 3 weeks at 25°; aliquots were then 
removed for determination of the pH of the solution (Doran ‘‘ Alkacid ”’ glass electrode) and for 
estimation of excess of acid or base by back-titration. In the second set of experiments, weighed 
samples of air-dry resin were converted into the quaternary form by a week’s shaking with 
0-04N-tetraethylammonium chloride and 0-04N-tetraethylammonium hydroxide, the amount of 
quaternary hydroxide added being equivalent to roughly twice the capacity of the resin samples. 
Different amounts of 0-04N-hydrochloric acid were then added, and the solutions made up to 
100 ml. After 2 weeks’ shaking, aliquots were removed for determination of pH and _ back- 
titration as before. The moisture content of duplicate samples of the air-dry resin was deter- 
mined by drying (P,O;) in vacuo at 110°. 

A comparison was also made of the absorption of tetraethylammonium ions by two different- 
sized fractions of the 15% divinylbenzene resin: (a) 50—100u and (b) 200—250 yu particle 
diameter. In principle, the hydrogen form of each fraction was titrated directly with the 
quaternary hydroxide, in presence of its chloride salt, to the pH given by an internal indicator 
of the anionic type. Samples of each size fraction (approx. 0-15 g.) were weighed into flasks and 
a mixture of 0-02N-tetraethylammonium hydroxide and 0-02N-tetraethylammonium chloride 
(total vol. 100 ml.) was added, the amount of quaternary hydroxide being less than the expected 
capacity of the resin at the pH under examination. After addition of a few drops of indicator 
solution, the flasks were shaken for 1—2 days, whereupon the solution became acid. ‘This was 
due to absorption of organic cations, with consequent liberation of hydrogen ion in excess of 
the amount of quaternary hydroxide added. The excess of acid was titrated with tetraethyl- 
ammonium hydroxide and the flasks again shaken. This procedure was repeated until there 
was no significant change in the colour of the indicator after a further 1—2 days’ shaking. 
In all, the experiments required about 5 days. Equilibrium capacities at pH values of approx. 
5, 7, and 9 were obtained by using bromocresol-green, phenol-red, and phenolphthalein as 


indicators. 


RESULTS AND DISCUSSION 


Column Experiments with Quaternary Ammonium Ions.—Curves of the form shown in 
Fig. 1 were obtained when the absorption of quaternary ammonium ions from neutral 


solution (expressed as a percentage of the capacity of the resin sample for sodium ion) 
was plotted against time or volume of effluent. The initial linear portion of the curve 
corresponds to complete removal of quaternary ion from solution; under the conditions 
used, the slope is determined by the capacity of the resin sample, which, since equal volumes 
of resin were taken, increases with increasing cross-linking. 

With tetramethylammonium ion, the full capacity of the 2% divinylbenzene resin was 
attained; but with resins of higher cross-linking, the absorption of quaternary ion appeared 
to level off at much lower values. The amount of quaternary ion absorbed continued to 
increase slightly during 7 days; in general, however, the increase was small and the results 
obtained after 4 hours, as given in the following Table, may be taken as near-equilibrium 
values. 

Absorption from neutral solution (pH 5:1). 


Nominal % of divinylbenzene 
a 


10 
Tetramethylammonium (74) ¢ 69 
Tetraethylammonium (130) 63 
Benzyltrimethylammonium (150) ! ‘ 80 
Trimethyl-n-octylammonium (172) 71 
Dibenzyldimethylammonium (226) i { 43 
Cetyltrimethylammonium (284) 10 


The above values for the absorption of tetramethyl- and tetraethyl-ammonium ions 
on a 10%, divinylbenzene resin (weight-swelling, 0-84) are in fair agreement with the results, 
76% and 62°, obtained from neutral solutions by Kressman (loc. cit.) with a commercial 
resin of this type (weight-sweiling, 0-80). 

In all cases, the capacity for a given cation decreases with increasing cross-linking. 
The specific capacity of the resins for simple cations, when referred to unit bed-volume, 
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increases markedly with increase in divinylbenzene content, and hence on this basis the 
capacity for certain quaternary ions shows a maximum with resins of medium cross- 
linking. Thus the capacities of different resins for benzyltrimethylammonium ion expressed 
in mg.-equivs. per ml. of bed-volume are: 2°, 0-66; 5%, 1:15; 10%, 130; 15%, 1-19. 


Fic. 2. Absorption of tetraethylammonium 
ion by 15% D.V.B. resin. 
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‘1G. 1. Absorption of tetramethylammonium 
ton from neutral solution. 
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The Table reveals a general tendency for the capacity to decrease with increase in the 
molecular weight of the organic cation (given in parentheses). There are, however, 
some anomalies; in particular, with the 5% and 10% divinylbenzene resins the capacity 
for tetramethyl- and tetraethyl-ammonium ion is lower than that for benzyltrimethyl- or 
trimethyl-n-octylammonium ion. This effect may be due to an increased contribution of 
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van der Waals forces to the affinities of the larger organic cations, or possibly to hydration 
of the tetramethyl- and tetraethyl-ammonium ions. 

The absorption of tetraethylammonium ions on a 15%, divinylbenzene resin from a 
solution of the quaternary ammonium hydroxide is compared in Fig. 2 with the data 
obtained by using the quaternary ammonium chloride. From alkaline solution, the full 
capacity of the resin was readily achieved, but from neutral solution the curve of results 
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tended to level off at about 48% of the full capacity. With the same resin, dibenzyl- 
dimethylammonium ion showed a much higher capacity from alkaline solution (40%) than 
from neutral solution (15%). An effect of this magnitude was quite unexpected, since the 
capacity of monofunctional, strongly acidic resins for simple cations is substantially the 
same from neutral as from alkaline solution. The special behaviour of quaternary ammonium 
ions was therefore examined in greater detail. 

Column Experiments with Basic Dyes.—The absorption of basic dyes from neutral 
solution was very slow, especially with the more highly cross-linked resins. The results 
obtained with phenosafranine chloride (Fig. 3) are typical; it will be seen that the linear 
portion of the curves is greatly reduced and that the “ break-through ’’ volume is small. 
Since absorption continued slowly over long periods, the 4-hour results given in the next 
Table do not represent equilibrium values but are of interest for comparative purposes. 
The rate of exchange of basic dyes and the final equilibrium may be expected to be influenced 
by the tendency to form aggregates in solution. 

Nominal % of divinylbenzene 


5 10 


Safranine (211) 

Phenosafranine (287) J 2 

Methylene-blue (284) 56 25 12 

In experiments with a 0-5% solution of the double salt of acridine-orange and zinc 

chloride (B.D.H. standard stain), it appeared that absorption (as measured by the amount 
of hydrogen ion liberated to solution) takes place more rapidly with the 15% than with 
the 10% divinylbenzene resin (Fig. 4). The curve for the 15% resin probably relates to 
the comparatively unhindered absorption of zinc cations, since the dye would be absorbed 
to a negligible extent. However, with the 10% resin, slow absorption of the organic 


cations apparently interferes with the absorption of zinc so that the uptake of zinc and dye 
cations proceeds more slowly. Clearly, a resin of comparatively high degree of cross- 
linking may be advantageous in applications involving the removal of inorganic ions from 


large organic electrolytes. 
Equilibrium Experiments.—The amount of tetraethylammonium ion taken up by a 


15% divinylbenzene resin is plotted in Fig. 5 against the pH of the ambient solution. 
The conclusions drawn from the column experiments are confirmed in that the full exchange- 
capacity of the resin is achieved in alkaline solution but at pH 5 the uptake is greatly 
reduced. In the lower pH range, the amount of quaternary ion absorbed by resin initially 
in the quaternary form is slightly greater than that absorbed by resin starting in the 
hydrogen form; prima facie this effect might be attributed to failure to achieve equilibrium, 
but this explanation is considered unlikely in view of other evidence. Of particular sig- 
nificance are the results given in the next table, which were obtained by using the internal 
indicator technique with fractions of the 15°% resin of two sizes. 


NEt,* absorbed (mg.-equivs. per g. of dry hydrogen resin). 
Approx. pH of solution Particle-diameter Approx. pH of solution 
5 9 5 7 9 
50—100 pw 3°35 4-50 5-20 200—250 yp 3:30 4:65 5:05 


Particle-diameter 


The close agreement between the results obtained with the two sizes strongly suggests 
that in these experiments, where 5 days’ shaking was required, true equilibrium was 
achieved. Hence it may be concluded that the 2—3 weeks’ shaking allowed for the 
experiments with resin of intermediate size (Fig. 5) was entirely adequate. It is believed 
that both curves in Fig. 5 represent equilibrium conditions and that, on complete con- 
version into the tetraethylammonium form, the resin suffers an irreversible change in 
structure with consequent changes in behaviour. Additional evidence for this irreversible 
change is discussed in the next section. 

In dilute solution, the relative affinity coefficient of the resin for tetraethylammonium 
ion is given by KR = [Q][H]/{H][Q], where [Q] and [H] are the amounts of quaternary ion 
and hydrogen ion on the resin, [Q] and [H] being the concentrations in solution. Approx- 
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imate values of A} have been calculated from the results obtained in the equilibrium 
experiments at 0-02N total cation concentration; in Fig. 6, logy Aj is plotted against Xq, 
1.e., the equivalent fraction of quaternary ion on the resin. At low values of Xq, the 
affinity is of the order of 10 but it decreases sharply as the resin becomes more nearly 
converted into the quaternary form. A similar trend is observed with simple cations 
(Reichenberg, Pepper, and McCauley, /J., 1951, 493), but the decrease with tetraethyl- 
ammonium ion which extends over several powers of ten is much more pronounced. 
Since the affinity is very small at high values of Xg, the quaternary form of the resin 
can be partially regenerated readily with dilute acid. The remaining quaternary ion is, 
however, difficult to remove because the affinity is much greater than unity at low values 
of Xg. For example, a small column of the 15° divinylbenzene resin (capacity 5-11 mg.- 
equivs.) was converted into the tetraethylammonium form and then regenerated with 
approx. 0-1N-hydrochloric acid. The first 50 ml. of acid (5-12 mg.-equivs.) removed 
4-14 mg.-equivs. of quaternary ion which corresponds to 81% regeneration; a second 
50 ml., however, removed only a further 0-54 mg.-equiv. of quaternary ion. Similar 
behaviour has been observed during the regeneration of cation-exchange resins used for 
the absorption of nicotine and quinine (Sussman, Mindler, and Wood, Chem. Industries, 
1945, 57, 455, 549); the effect was previously attributed to a residual “ storage "’ capacity. 


Fic. 5. Relationship between NEt,+ taken Fic. 6. K for 15% D.V.B. resin at 
up by 15% D.V.B. resin and pH. 0-02N-total cation concentration. 
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1, Resin initially in hydrogen form. 1, Resin initially in hydrogen form. 
2, Resin initially in quaternary form. 2, Resin initially in quaternary form. 

Irreversible Behaviour.—Several observations support the view that the 15% divinyl- 
benzene resin undergoes irreversible structural changes on complete conversion into the 
tetraethylammonium form. In the column experiments (Fig. 2), it was observed that, 
after treatment with quaternary hydroxide, the resin had a higher capacity for quaternary 
ion from neutral solution than before, the absorption increasing from 48% to 57% of the 
full capacity. The capacity of the treated resin was a little lower than that of a 10% resin 
(63%). Significant changes in the apparent volume of the resin sample were also noted 
in similar experiments. The following table gives the settled bed-volumes (expressed as 
percentages of the initial value for the hydrogen form) after successive treatments of the 
hydrogen resin with 0-02N-solutions of (a) hydrochloric acid, (6) tetraethylammonium 
chloride, and (c) tetraethylammonium hydroxide. The measurements of settled bed- 
volumes were reproducible to +- 2%. 

Ist Cycle 2nd Cycle 3rd Cycle 
100 115 114 
103 131 _ 
134 134 -- 

In the first cycle, the bed-volume was not significantly affected by the treatment with 
quaternary chloride, but when the quaternary hydroxide was used a marked expansion 
resulted. Some change in bed-volume persisted in subsequent cycles, but the effect does 
not appear to be progressive since, after the first cycle, the bed-volumes of the hydrogen 
and tetraethylammonium forms remained the same and there was no further increase 
in the capacity for quaternary ion from neutral solution. After each cycle, the capacity 

3K 
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of the resin for sodium ion was found to be equal to the initial value, thus proving that 
regeneration of the resin had been complete and that no gross degradation, involving loss of 
sulphonic acid groups, had taken place. 

Additional evidence of structural change was provided by determinations of the weight- 
swelling of the 15% divinylbenzene resin in water. Samples in the hydrogen and in the 
tetraethylammonium form were examined and also the mixed hydrogen—quaternary forms 
as obtained from the equilibrium experiments at different pH. The centrifuge technique 
(Pepper, Reichenberg, and Hale, J., 1952, 3129) was used, giving the results shown in Fig. 
7, where (Wy)q, 1.e., the weight of water absorbed by an amount of the M-form of the resin 
equivalent to | g. of dry hydrogen form, is plotted against Xg. After conversion into the 
quaternary form and subsequent regeneration, the resin had a weight-swelling of 0-78 g. 
of water per g. of dry resin, compared with the original value of 0-62. This new value corre- 
sponds to that of a resin containing 11%, of divinylbenzene (Pepper et al., loc. ctt.). 

All the changes described above in the behaviour of the 15° resin on conversion into 
the tetraethylammonium form are consistent with a small decrease in the degree of cross- 
linking of the polymer structure. Further confirmation of this view was afforded by 
determination of the relative affinity coefficient of the resin for potassium ion, Kf, at low 
Xx—Previous work having shown this property to be a sensitive criterion of cross-linking 
with resins of high divinylbenzene content (Reichenberg ef al., Joc. cit), At Xg = 0-2, 
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Fic. 7. Relationship between weighteswelling of 
15% D.V.B. resin and XQ. 
1, Resin initially in hydrogen form. 
2, Resin initially in quaternary form. 
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the relative affinity coefficient of the 15° resin was 6-7 -+- 0-2, whilst that of the resin after 
conversion was 5-0 -+- 0-2, corresponding to a 12% divinylbenzene resin. [The measurements 
of relative affinity coefficients were made by Mr. D. J. McCauley using the technique 
described in the paper cited above.] 

It may be noted that, after complete conversion into the quaternary form, the resin 
beads showed surface cracks under the microscope, and it is possible that rupture of weak 
cross-links is responsible for the changes in behaviour observed. 

Conclustons.—It will be seen from Fig. 7 that, starting with resin in the hydrogen form, 
the absorption of tetraethylammonium ion is accompanied by a decrease in the weight- 
swelling of the resin. At low values of Xq, the slope of the curve corresponds to a loss of 
about 7 mol. of water for each quaternary ion absorbed; this loss corresponds in turn to a 
volume of 210 A’. The measurements of settled bed-volumes indicated, however, that the 
resin undergoes little change in volume at low values of Xg; hence it appears that the 
quaternary ion absorbed balances, in volume, the water lost. The mean diameter of the 
tetraethylammonium ion estimated from atomic models (Settatree, Thomas, and Yardley, 
Nature, 1950, 166, 59) is of the order of 7-5 A, giving a volume of 220 A? which is in reasonable 
agreement with the above value (210 A’) for the volume of water lost. We conclude that 
during the initial stages of the exchange-reaction, where the resin volume is virtually un- 
changed, the absorption of a quaternary ion is accompanied by the displacement of a 
nearly equal volume of water—at least with a 15% divinylbenzene resin. From this result 
we infer that the uptake of quaternary ion may be determined in part by the volume of 
water available within the resin. The latter concept is in accord with the experimental 
observation that for a resin of given cross-linking, 7.e., possessing a fixed weight-swelling, 
the amount of quaternary ion absorbed from neutral solution tends to decrease as the 
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volume of the quaternary group increases. It is also consistent with the observation that 
the absorption of a given quaternary ion decreases with increasing cross-linking, 7.e., with 
decreasing weight-swelling. 

At high values of Xq, the weight-swelling curve (Fig. 7) passes through a minimum, 
indicating that on absorption of further quaternary ion, the resin no longer loses the 
corresponding amount of water. This behaviour correlates well with other evidence that 
absorption of quaternary ion in this region causes an expansion of the resin, which is partly 
irreversible. The change in structure due to this irreversible distension corresponds with a 
decrease in the apparent degree of cross-linking of the copolymer from that of a 15°, 
divinylbenzene resin to that of a resin containing 11—12%, of divinylbenzene. 

In view of these effects, it is clear that great caution is needed in the interpretation of 
data obtained in exchange-reactions involving large organic ions. 

The work described above has been carried out as part of the research programme of the 


Chemical Research Laboratory, and this paper is published by permission of the Director of the 
Laboratory. The authors acknowledge helpful comments by Mr. D. Reichenberg, M.Sc. 
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175. Glycine Peptides. Part I, The Polymerization of 


Piperazine-2 : 5-dione at 180°. 
By A. B. MeGGy. 


When piperazine-2 : 5-dione is heated with water at 180° a polymer of 
glycine is formed. The polymer appears to exist in equilibrium with the dione 
in solution, but the equilibrium is continuously disturbed by hydrolysis and 
decomposition of the dione. It is estimated that, for the reaction piperazine- 
dione(solid) —-> polymer(solid), AF = —260 calories. 


HIGHER peptides of glycine can be prepared in various ways. They are obtained by 
condensation of the methyl or ethyl esters of the tripeptide (Fischer, Ber., 1906, 39, 471 ; 
Abderhalden and Fodor, Ber., 1916, 49, 567; Pacsu and Wilson, J. Org. Chem., 1942, 7, 
117), but not of the tetrapeptide (Fischer, Ber., 1906, 39, 2927; Pacsu and Wilson, loc. cit. ; 
Sluyterman and Veenendaal, Rec. Trav. chim., 1950, 69, 858). Anhydro-N-carboxyglycine 
polymerizes in the presence of water, with loss of carbon dioxide, to form polymers of 
glycine (Leuchs, Ber., 1906, 39, 857), and this reaction has been widely applied. When 
glycine is heated in glycerol to 170—180°, there are formed piperazine-2 : 5-dione, glycine 
tetrapeptide, and other glycine polymers, and prolonged reaction affords only polymers 
(Maillard, Ann. Chim., 1914, 1,519; 1914, 2,210). Recently, Polyakova and Vereschagin 
(Doklady Akad. Nauk, 1949, 64, 607) have shown that if piperazine-2 : 5-dione is heated in 
water at 170° under 200—4000 atm., most of it is hydrolysed, but about 25°, is converted 
into an insoluble polymer of glycine. 

The present paper deals with the preparation of glycine polymers from piperazine- 
2: 5-dione in water at 180°. The use of high pressures is not necessary. The results of 
a number of experiments are given in Table 1. It will be seen that the yield of polymer 
depends on the time of heating and the ratio of water to dione. The presence of water is 
necessary ; in its absence the reaction proceeds slowly, if at all. The optimum proportion 
is 0-5—1 part of water to 1 part of dione. Amounts in excess of this do not accelerate 
the reaction, and the yield of polymer is reduced. Less water gives a discoloured product. 
No polymer is formed if this proportion exceeds 3 : 1 (Table 1, 14--17). The formation 
of polymer is a fairly rapid reaction, the maximum yield being reached in 3—6 hours. 
Beyond this time the yield slowly declines owing to secondary reactions (Table 1, 6—11), 
viz., (1) hydrolysis of dione to glycylglycine and glycine, and (2) an irreversible decomposi- 
tion of glycine to ammonium carbonate and compounds which liberate ammonia with 
alkali, possibly ammonium glycollate. Traces of methylamine also seem to be present. 
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Reaction (2) becomes significant after more than 6 hours’ heating, so a simple analysis of 
the liquid in contact with the polymer becomes impossible. 

A few experiments were carried out in solvents other than water. Saturated sodium 
chloride solution (18) gave a somewhat lower yield of polymer; otherwise the results were 
similar to those obtained with water. Saturated calcium chloride solution (40—45%) 
gave entirely different results, only traces of polymer being formed; the product, when 
warm, was a viscous liquid, which solidified on cooling, and dissolved almost completely in 
water. With glycol the reaction product was very dark, and had obviously decomposed ; 
it contained much unaltered dione, and only traces of polymer. With 90% glycol and 
10°, water the result was similar. 

No polymer could be obtained by heating glycine with water. The results of these 
experiments are shown in Table 2. The proportions of water to glycine in 1—4 are 
equivalent to those of water to dione in 6—11 of Table 1. The irreversible decomposition 
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of glycine appeared to be much greater than that of dione under similar conditions, for 
half the glycine nitrogen was present as ammonium salts after 18 hours, and about a 
quarter as ammonium carbonate, volatile in steam. 

No polymer was formed when glycine tripeptide (1 g.) was heated with water (2 g.) for 
3 hours at 180°. On the other hand, glycylglycine formed polymer (Table 1, 22). 

In all cases where polymer was formed, the dilute aqueous solution obtained after 
separation of the polymer gave a yellow colour with amminonickel hydroxide solution, 
showing the presence of soluble peptides, and was often turbid. Glycine, glycylglycine, 
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and piperazine-2 : 5-dione give no visible reaction with this reagent. The solutions 
obtained by heating glycine with water also gave no reaction, indicating that peptides 
higher than glycylglycine were absent. 

The interpretation of the experimental results is difficult owing to the complexity of 
reactions taking place. The following scheme seems most probable. (1) Piperazinedione 
is hydrolysed to glycylglycine. (2) Successive molecules of dione add on to the terminal 
amino-group of glycylglycine, building up an insoluble polymer; during this stage the 
amount of polymer is increasing. (3) Glycylglycine is hydrolysed to glycine. (4) When, 
because of reactions (1) and (3), the concentration of dione in the aqueous phase falls 
below a certain value, reaction (2) is reversed: the amount of polymer decreases. 
(5) Glycine decomposes to ammonium carbonate and other products. 

Consider the system polymer-dione-water. It may be assumed that the polymer is a 
mixture of products of varying chain length, but all capable of being accommodated in 
the crystal lattice of polyglycine, and forming a single solid phase. This is the case both 
with natural polymers, such as cellulose, and with artificial polymers such as Nylon. If 
dione and polymer were in equilibrium with each other through the aqueous phase, they 
would form a system of two components, dione and water, with three phases (polymer, 
aqueous solution of dione, and water vapour) and therefore having one degree of freedom. 
At any temperature the composition of the solid and liquid phases would be fixed, and 
would be independent of the proportions in which they were present, provided both were 
present. It would follow that the average chain length of the polymer and the 
concentration of dione in the liquid at equilibrium would be determined by the temperature 
only. 

It is not possible to test rigorously whether an equilibrium does exist between dione 
and polymer, because it is not possible to prevent the steady hydrolysis of both these to 
glycine; but it is obvious that a certain concentration of dione is necessary to bring about 
polymer formation (Table 1: 3, 7, 12—17), and it is reasonable to assume that polymer 
formation will cease when the dione concentration falls to this value, because of either 
conversion into polymer or hydrolysis to glycine. 


TABLE 2. 
Time, ‘ Volatile N, %: 
; Mol.-ratio * hr. with alkali in steam 

5 . 3-17 3 { _ 

5 +f 3:17 24 -— 
5-0 2. 3:17 67 94: . 40-4 
5-0 2- 3-17 18 94- 53°¢ 23-7 
1-0 2- 8-33 3 — 
1-0 20- 83-3 3 -- — — 

* Mol. ratio = free + combined water/glycy] residues (*“NH-CH,°CO>). 


TABLE 3. 
Expt. no. 3 6b 7 8 
NN ERE. cwaseccckassduncs : 3 { 1-5 3 6 
Polymer, % 73 29 30 49 60 2 
20 (54) (55) 18 18 22 . . 17-7 
Mean of 3, 7, 8, 9, 12a, 13b, 14: 18:8. 


Similarly, it is not possible to test for constant average chain length, for here, too, 
hydrolysis interferes. The chain length of these polymers will be the subject of another 
paper, but preliminary measurements indicate that it continues to grow after the total 
weight of polymer has reached a maximum, and even, owing to hydrolysis, is beginning to 
decline. Although this increase in chain length involves the elimination of water, the 
amount would not be sufficient to affect the composition of the aqueous phase appreciably, 
and the concentration of dione in equilibrium with the polymer at a particular temperature 
would not differ appreciably from the true equilibrium value for that temperature, even 
though the polymer had a chain-length distribution different from the equilibrium value. 
The principal free-energy change in a polymerization reaction is for the conversion of 
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monomer into polymer; the differences in free energy between chains of different length 
are small. 

The concentration of dione in the solutions in contact with the polymers can be 
calculated from the data in Table 1. It is assumed that all the water in the system is 
present in the aqueous phase, and none in the polymer. This is only approximately 
correct. The water present is taken as that given in col. 3, and the percentage of the 
original dione present is given in col. 9. Strictly, the available water should be corrected 
for the small amount consumed in forming the free amino-groups (col. 12). The accuracy 
of the data, however, scarcely justifies such a refinement, and it does not materially affect 
the results, which are shown in Table 3. It will be seen that, with the exception of 
experiments 1, 6a, and 68, in which the reaction was incomplete, the concentration of dione 
lies between 17-5 and 22 g. per 100 g. of water, whereas the amount of polymer formed 
varies from 73°, to 2%, of the dione originally present. 

It seems that an approximate equilibrium is fairly rapidly established between solid 
polymer and dione in solution, and at this point polymer formation ceases. The balance 
is continuously disturbed by reactions (1), (3), and (5), the last of which is certainly 
irreversible. If the concentration of dione in equilibrium with polymer is C,, and if the 
saturation concentration of dione at the same temperature is C;, then for the reaction 
dione(solid) —-> polymer(solid), we have 

AF = RT(In C, — In C,). 


The approximate value of C, at 180° from Table 3 is 188 g. per 1000 g. of water. No 
data are available on solubilities of piperazine-2 : 5-dione at high temperatures: those 
measured at 20° and 100° are 14-2 g. and ca. 100 g., respectively, per 1000 g. of water, and 
extrapolation to 180° gives a value for C, of 250 g. per 1000 g. water. From this it follows 
that for the transformation of solid dione to solid polymer at 180°, AF ~260 calories 
approximately. 

The polymer is the stable solid phase, into which the solid dione will be transformed at 
180°, but the margin of stability is small, and at other temperatures the situation might 
be reversed. At 140° polymer is still the stable solid phase. 

The data in Table 1 do not provide a basis for any firm conclusions as to the equilibrium 
between dione and glycylglycine, or between glycylglycine and glycine. The fact that 
polymer is formed from glycylglycine would appear to indicate that the equilibrium mixture 
of glycylglycine and dione contains a substantial proportion of dione at 180°. To give 
18°% of polymer at least 36°, must have been converted into dione, and this would be in 
agreement with the ease with which glycylglycine and its derivatives can be converted 
into dione. The ‘ degree of polymerization of the soluble peptides,” 1, col. 13 of Table 1, 
shows a tendency to decrease to 1 as the reaction time is increased, indicating that the 
equilibrium between glycylglycine and glycine lies on the glycine side. 


EXPERIMENTAL 

The polymerizations were carried out in sealed glass tubes in a Carius furnace fitted with a 
thermoregulator. The reactions were timed from when a thermometer in contact with the 
iron protecting casing showed a temperature of 170°. At the end of the heating period the 
tubes in their protecting cases were taken from the furnace and allowed to cool to room 
temperature (about an hour). In the tubes heated for 18 hours or more there was a crystalline 
sublimate, probably ammonium carbonate, and those heated for 30-70 hours showed some 
pressure when opened. 

The contents of the tubes were boiled with 250 ml. of water, during which ammonia was lost 
in some cases (Table 1, 5b). The solutions were set aside for 24 hours, and the polymer was 
then separated by centrifuging, washed once with 50 ml. of water, and once with 50 ml. of 
methanol, and dried in vacuo (over CaCl,) or in an air-oven at 70—80°. The washings were 
added to the centrifuged solution, which was made up to 500 ml. The solutions were analyzed 
for: (1) total nitrogen (Kjeldahl); (2) nitrogen evolved on heating with alkali, 7.e., ammonia 
and ammonium salts, 10 ml. of the solution being distilled with 10 ml. of 2N-sodium hydroxide 
in the Kjeldahl apparatus; (3) free amino-groups, 10 ml. of the solution and 25 ml. of neutral 
20% formaldehyde solution being titrated with N/10-barium hydroxide (with phenolphthalein) ; 
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(4) piperazine-2 : 5-dione, 10 ml. of the solution being kept with 2 ml. of 2N-sodium hydroxide 
for 1 hour at room temperature, then neutralized by hydrochloric acid (methyl-red), and 
titrated as in (3), twice the increase in the titre giving nitrogen as piperazine-2 : 5-dione. 

In the experiments with glycine (Table 2) the contents of the tubes were dissolved directly in 
cold water and made up to 500 ml. They were analyzed as in (1) and (2) and for nitrogen 
volatile with steam (ammonium carbonate). 


The author is indebted to Messrs. Brotherton Ltd., of Leeds, for a Research Fellowship. 
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176. The Photochemistry of Selenium. Part I11.* Photogalvanic 
Effects with Red Selenium. 


By R. W. PITTMAN. 


Photogalvanic effects at gold electrodes coated with red selenium, im- 
mersed in aqueous hydrochloric acid, show that such electrodes tend to 
behave reversibly on illumination, this tendency being increased by cathodic 
prepolarisation. An explanation of this behaviour is given in terms of local- 
ised adsorption of hydrogen atoms on illuminated red selenium. 


THIS work was undertaken to collect evidence concerning the suggestion that photo- 
chemical oxidation of hydrogen selenide by gaseous oxygen, in the presence of liquid water 
and solid selenium, involves a step in which the discharge of hydrogen ions at a selenium 
surface is facilitated by light (Pittman, J., 1949, 1811). To this end, an examination was 
made of photogalvanic effects at selenium electrodes. These effects have long been known 
(Ries, ‘‘ Das Selen,”’ 1918, J. C. Hubers) but the only recent investigations appear to be those 
of von Hippel et al. (J. Appl. Physics, 1946,17,215.) The results of the earlier workers may 
be unreliable for at least two reasons: (a) lack of knowledge of the allotropic form of 


selenium used, and (b) neglect of the considerable effects of impurities, particularly of 
oxygen. 


EXPERIMENTAL. 


The system chosen for examination was the cell Au|Se(red), HCl(aq.)| Pt,H,, the experimental 
arrangement being such that only one side of the gold electrode, that coated with selenium, 
was in contact with the cell fluid. This was accomplished by attaching a disc of gold foil to the 
bottom of a cylindrical glass cell (Fig. 1) by means of heat-cured D.C, 996 Silicone. There was 
no evidence of possible contamination of the electrode by the surface-active Silicone : for 
example, the selenium coatings were formed by electro-reduction ; the films obtained were highly 
uniform and adherent and showed no effects compatible with surface contamination of the 
gold. Also the results given by such Silicone-adhesed electrodes were very similar to those 
obtained with platinum electrodes fused to glass. 

The difficulties associated with the production of films of selenium in a known allotropic form 
were overcome by electrodeposition of the element. This could be effected either by anodic 
oxidation of hydrogen selenide in aqueous solution or by cathodic reduction of aqueous selenious 
acid. The latter method was used on the score of convenience. Independently, von Hippel and 
Bloom (J. Chem. Physics, 1950, 18, 1243) investigated the electrodeposition of selenium from 
selenious acid solutions and, though their methods differ in detail from that used in this work, 
there is, in general, a close concurrence of results. With this electrodeposition technique it was 
possible to prepare films of selenium which appeared to be unambiguously of the red variety, and 
these could be transformed into the grey modification by annealing for several hours at 100—120°. 
The experiments described here are, however, concerned only with coatings of the red form. 
Though the description is not accurate, the gold electrodes covered with red selenium film will 
be referred to as selenium electrodes. 

The method of illuminating the selenium electrode is shown in Fig. 1. Preliminary observ- 
ations indicated that at high light intensities the magnitude of the photo-galvanic effects shown 
by these electrodes was either independent of, or dependent only on a small fractional power of, 
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the incident light flux. To eliminate a variable not of immediate interest, a light source of 
constant intensity was used. This consisted of a 125 w “ Osira’”’ mercury arc, removed from its 
glass envelope, the power consumption and light output of which were under continuous control. 
rhe latter quantity was measured with an E.E.L. selenium cell and a uranyl oxalate actino- 
meter. 

Early experiments with the main electrode compartment open to the air gave erratic results, 
and bubbling of oxygen through this part of the cell increased the erratic behaviour. For 
subsequent work, therefore, a closed cell was used, with a stream of nitrogen, deoxygenated by 
passage over red-hot copper, passing through the solution in the main electrode vessel. With 
these conditions the behaviour of the cell was much more stable and reproducible. 

Two kinds of experiments were performed with this type of cell: one “ static,’”’ in which 
potentials on open circuit were measured, either with a Tinsley potentiometer or with a high 
impedance valve-voltmeter. The other, ‘‘ dynamic,” in which current passing through the cell 
was measured at various applied polarising potentials. In all experiments the electrode poten- 
tials were measured against a hydrogen electrode immersed in the same solution. From now 
on, all potentials quoted will be referred to such an electrode. 
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In hydrochloric acid, over a wide concentration range (4-8, 1-0, 0-10, 0-01N), the selenium 
electrodes behaved, in the dark, in a similar way to bare gold electrodes. Between 0 and about 
-+-0-8 v they acted as almost ideal polarised electrodes, the open circuit potential being deter- 
mined only by previous polarisation. They showed, however, a tendency to drift positive if left 
formany days. Comparison of polarisation—-current curves (Figs. 2—5) also makes this similarity 
apparent. 

On exposure to light, the open circuit potentials of bare gold electrodes changed, if at all, by 
less than 1 mv. The selenium electrodes showed marked effects, in some cases the potential 
becoming more positive and in others more negative (see Table 1). When the light was cut off 


TABLE 1.—Potential changes of red selenium-coated electrodes after 5 minutes’ illumination. 
Electrolyte, 1-ON-hydrochloric acid. 
Potential (v) : Potential (v) : Potential (v) : Potential (v): 
dark ill’d. AE, v dark ill’d. AE, v dark ill’d. AE, v dark _ ill’d. AE, v 
0-175 0-380 +0-205 0-422 0-442 +0-020 0-539 0-524 —0-015 0-661 0-557 —0-084 
0-330 0-396 +-0-066 0-453 0-469 -+0-016 0-551 0-538 —0-013 0-700 0-582 —0-118 
0-380 0-419 -+-0-039 0-528 0-524 —0-004 0-602 0-550 —0-052 


the electrodes regained their initial potentials, but this change was not instantaneous, 5—10 
minutes being required for its completion. 

The behaviour of these electrodes was similar in all the concentrations of hydrochloric acid 
investigated, the sign of AE depending on whether the dark potential was greater or less than 
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about +-0-5v. The change in potential of the electrode, on illumination, was not instantaneous, 
and if illumination was continued for up to several hours, all the many electrodes used, in all the 
concentrations of hydrochloric acid, came to a potential of +0-524 + 0-005 v and remained 
thereat almost indefinitely while illuminated. Also, if the stream of nitrogen through the main 
cell was replaced by one of hydrogen, no change was observed in the behaviour of the selenium 
electrodes, the potential of + 0-524 v still being attained on continued illumination. 

In the conduct of the ‘‘dynamic’’ experiments a special technique was necessary, for, 
although gold and the non-illuminated selenium electrodes gave polarisation—current curves 
which were sensibly unaffected by previous polarisation, both the cathodic and anodic branches 
in curves for illuminated selenium electrodes showed marked hysteresis (Fig. 3, points ©), 
the magnitude of which depended on the degree of cathodic polarisation to which the electrode had 
been previously subjected. The following procedure was therefore adopted. The illuminated 
selenium electrode was polarised to approximately +-0-6 v and left until the current flowing 
through the cell fell to zero; in the case of electrodes which had not been cathodised or which 
had been anodised to remove the effects of cathodisation, this state was reached in less than 
5 minutes. This condition of the cell was used as the starting point of both anodic and cathodic 
polarisations. The applied potential was then varied in a stepwise manner, observations of 
current and potential being made after each adjustment, only when both quantities had become 
constant. Again, this condition was invariably attained in less than 5 minutes. Reproducible 
curves were obtained in this way, the various parameters being independent of the particular 
selenium electrode used. It will be noted that the potential at which these electrodes began 
to pass cathodic current became more positive on illumination and that it is, in fact, identical, 
to a close approximation, with the potential taken up by the illuminated electrodes on open 
circuit. The anodic branches of the curves were unaffected by illumination. 

The effect of cathodic prepolarisation was further investigated, and polarisation—current 
curves for low current densities (ca. 0-2 ua/cm.*) obtained after various cathodic prepolarisations 
are shown in Fig. 6. The technique described above was not used in these experiments. The 
electrode was polarised cathodically for an appropriate time and then the applied E.M.F was 
varied in steps, through zero, to anodic polarisation In all cases potential and current reading 
became sensibly constant after lapses of 5 minutes. It will be seen that the greater the charge 
passed in the prepolarisation the more the illuminated electrode tends towards reversible 
behaviour. 

To examine the possibility of formation of hydrogen selenide by the passage of cathodic 
current through selenium electrodes, the effluent gas from the main compartment of the cell was 
passed through a micro-bubbler containing half-saturated cadmium sulphate solution. In no 
case was cadmium selenide precipitated on prolonged cathodisation of selenium electrodes 
in the dark at the current densities used, but in every one of eight polarisations of illuminated 
selenium electrodes at potentials between 0 and +-0-524 v, 7.e., at current densities even less 
than those used in cathodisations in darkness, a brown precipitate of cadmium selenide was 
formed. Owing to the smallness of the current densities used it was impossible to relate quantit- 
atively the amount of hydrogen selenide formed with the quantity of electricity passed, but it 
is noteworthy that precipitates were only formed after cathodisation had been continued for 
12 hours or more. 

The effect of artificial introduction of hydrogen selenide into the system was investigated 
by bubbling a mixture of nitrogen (745 mm.) and hydrogen selenide (15 mm.) through the main 
compartment of the cell. The initial open-circuit potential of the illuminated selenium electrode 
was -++0-528 v, and after 10 minutes’ passage of the mixture the potential fell to +0-001 v 
and after 3 hours to —0-005 v. All the usual photo-galvanic responses were suppressed by 
this treatment, and they did not reappear even after a lapse of 5 days, with nitrogen alone 
passing through the cell. 


DISCUSSION 


For an electrode to act reversibly, both cathodic and anodic depolarisation must occur. 
Not infrequently the product of one depolarising process acts as a depolariser for the other ; 
e.g., a gold electrode in an acid solution is cathodically depolarised by iodine, and if cathodic 
current is passed, hydrogen iodide, an anodic depolariser, is formed and the electrode shows 
reversible behaviour. This, however, does not always obtain. Consider, again, a gold 
electrode in aqueous acid; atomic hydrogen, an anodic depolariser, is formed by the 
passage of cathodic current but as this is at once removed as molecular hydrogen, such an 
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electrode is not reversible. The observations quoted in the previous section show that 
while red selenium in the dark is inactive, on illumination it acts as a cathodic depolariser. 

By one criterion, that of the electrode’s acquiring a fixed potential, these illuminated 
selenium electrodes behave as reversible systems, and as this potential measured against a 
hydrogen electrode in the same solution is independent of acid concentration, they might be 
considered as being reversible to hydrogen ions. However, the requirements of a second 
and necessary criterion, namely, that the potential of an ideal reversible electrode is inde- 
pendent of the current flowing through it, are not approached unless the electrode has been 
cathodically prepolarised (Fig. 6). It would thus appear that the products of cathodic 
processes at these electrodes provide an anodic depolariser. Certainly there is no indication 
of atomisation of molecular hydrogen, for replacement of nitrogen in the main cell by 
hydrogen has no effect. It might be suggested that hydrogen selenide, a reducing agent, 
acts as the anodic depolariser. There are two factors which make this improbable. On one 
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hand, the continuous stream of nitrogen flowing through the solution should rapidly remove 
any hydrogen selenide formed, and on the other, there is the observation of the poisoning 
effect of this compound. 

The behaviour of these electrodes can be explained if it is assumed that hydrogen 
atoms, produced by the flow of cathodic current, do not combine to form molecular hydro- 
gen but undergo localised adsorption on illuminated selenium and thus provide a limited 
store of anodic depolariser. Such an adsorption can be envisaged if the mechanism of 
photoconduction in red selenium is considered. Von Hippel (J. Chem. Physics, 1948, 16, 
372) suggests that photoconduction in this form of the element is of N type, as the positive 
holes created by the excitation of electrons to a conduction band are localised in the Se,- 
ring molecules and thus cannot participate in conduction, as they do in the chain molecules 
of grey selenium. These light-excited Se, molecules may be considered as odd molecules, 
with which hydrogen atoms, behaving as free radicals, can combine to give the labile 
systems Se,H. The fate of these complex entities will be determined by the interstitial 
space charge within the selenium, which in turn will be dependent on the electrode 
potential. 

The net current flowing through a reversible electrode may be considered as the alge- 
braic sum of the separate currents arising from concurrent anodic and cathodic processes 
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(Hammett, Trans. Faraday Soc., 1933, 29, 770; Bockris, Chem. Reviews, 1948, 48, 525; 
Hills and Ives, ]., 1951, 305). It thus becomes necessary to suggest processes likely to give 
rise to these currents in the prepolarised illuminated red selenium electrode. 

If the foregoing theory of hydrogen-atom adsorption is accepted, the anodic process 
may be described by 

(1) SeszH — e~ = Se, + Ht. 

This charging of hydrogen ions will take place at a rate proportional to [SegHje~ @ + 271) RP, 
where w is the activation energy of process (1), V is the polarisation of the electrode, and « 
is a transfer factor. The anodic component of the exchange current thus becomes 


I, = k,{Se,H]e~ @ + PF V)/R? 


which is proportional to the population of adsorbed hydrogen atoms on the selenium and is 
self-destroying. 

The explanation of the cathodic process presents more difficulty, for it must embrace the 
facts that the cathodic products appear to enhance the rate of the cathodic process and that 
the equilibrium potentials of these electrodes depend on hydrogen-ion concentration in the 
same way as for the H,-Pt electrode. These difficulties are resolved if it is assumed that 
the cathodic product, Se,H, catalyses the further discharge of hydrogen ions, thus enabling 
the cathodic component of the current to be written as 


rE - k,[H*][SegH]je~ @’ — BFV)/RT 


where w’ is the activation energy of hydrogen-ion discharge and @ is a transfer factor related 
to a. 
It will thus be seen that the equilibrium potential at which the resultant current vanishes 


7.e., When 
I, + I, = 0 = k,[SegH]e~ @+ °F” /R? _ [Se H][H*]e~ @’— BFYIRT 


will depend, not upon the concentration of adsorbed hydrogen atoms, but only upon the 
hydrogen-ion concentration of the solution. 

A problem still remains with regard to the formation of hydrogen selenide during 
cathodisation of the illuminated selenium electrodes. This has not been closely investig- 
ated but the impression has been gained that it is a secondary process as it only occurs 
after prolonged passage of cathodic current. It is possible that the hydride is produced 
by attack on the Se,H entities by some process such as (2) SegH + H = H,Se + Se, or 
(3) SegH + e = HSe~ + Se,. There is a slight balance of evidence in favour of process 
(3), for this would occur at potentials more negative than the equilibrium potential and 
might offer some explanation for the appearance of plateaux in the cathodic limbs of 
polarisation—current curves from prepolarised illuminated electrodes (Fig. 3, points ©). 
The disrupted remnants of the Se, rings could combine to form chain molecules, resulting 
in formation of amorphous or grey selenium. Careful examination of all the electrodes 
used showed no trace of either of these transformations. It is more likely that the Se, 
residues, as they are diradicals, are destroyed by attack by hydrogen atoms with formation 
of more hydrogen selenide. 


I thank the Central Research Fund of London University for a grant for the purchase of 
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177. Organometallic Compounds of the Alkali Metals. Part I1.* 
The Metallation and Dimetallation of Benzene. 


By D. Bryce-SMITH and E. E. TuRNER. 


The metallation of benzene by alkylpotassium compounds has_ been 
studied by a new procedure in which solutions of alkyl-lithium compounds in 
benzene are caused to react with potassium; the resulting mixture of phenyl- 
potassium and phenylenedipotassium is treated with carbon dioxide to give 
potassium salts of benzoic acid and the phthalic acids in overall yields of up 
to 90°. Disubstitution is largely meta-para, but the ratios of the isomers 
very somewhat with the nature of the alkyl group in the reagent. Small 
quantities of the corresponding alkylbenzenes are also occasionally formed. 
Metallation of benzene by ethylsodium at 20° gives phenylsodium together 
with an approximately 7 : 3 mixture of p- and m-phenylenedisodium. Under 
forced conditions, the metallation of phenyl-lithium by m-butyl-lithium 
gives p- and m-phenylenedilithium in the approximate ratio of 2:1. The 
present results cannot be accommodated by the dimetallation theory of 
Morton and his co-workers (/. Amer. Chem. Soc., 1943, 65, 1339; Chem. 
Reviews, 1944, 35, 1). 


THE term ‘ metallation ’’ is commonly used to describe those reactions in which hydrogen 
atoms in organic compounds are replaced by metals (or groups containing metals, ¢.g., 
~MgBr, -HgOAc). Some workers have used the term in a wider sense to cover the 
replacement of atoms other than hydrogen, e.g., halogens (Braude and Coles, J., 1951, 2078) ; 
but in this and subsequent papers the narrower definition will be adhered to. 

The metallation of aromatic hydrocarbons, including benzene, was first demonstrated by 
Schorigin (Ber., 1908, 41, 2711, 2723; 1910, 43, 1938) with the use of ethylsodium, prepared 
in situ from diethylmercury and sodium : ethylpotassium was stated to behave similarly, 
but no experimental details were given. Gilman and Kirby (J. Amer. Chem. Soc., 1936, 
58, 2074) repeated this work and reported that reaction of ethylsodium and ethylpotassium 
with benzene led mainly to monometallation together with a little ortho- and para-dimetal- 
lation. Morton and Hechenbleikner (zb7d., 1936, 58, 1024, 2599) and Morton and Fallwell 
(tbcd., 1938, 60, 1426) used n-amylsodium and observed that dimetallation of benzene 
occurred at the meta- and para-positions in the approximate ratio of 4:1. Morton, Little, 
and Strong (ibid., 1943, 65, 1339) later described conditions for the dimetallation 
of benzene and toluene by x-amylsodiur under which the second sodium atom was reported 
to enter the meta-positions exclusively. The latter results were used asa basis for a theor- 
etical interpretation of metallation reactions and the orientating influence of alkali 
metals; further elaboration was given by Morton (Chem. Reviews, 1944, 35, 1). 

As the evidence concerning the dimetallation of benzene appeared contradictory, we 
decided to investigate it in more detail. Conveniently rapid metallation of benzene only 
occurs with alkyl-sodium and -potassium compounds, for alkyl-lithium compounds do 
not react extensively even under forced conditions. Published procedures (see above 
references) for the preparation of alkyl-sodium and -potassium compounds are limited in 
scope and have certain other disadvantages: a satisfactory alternative has now been 
developed. Gilman and Young (J. Org. Chem., 1936, 1, 315) found that sodium-—potassium 
alloy reacts with a solution of triphenylmethyl-lithium in ether to give the less soluble 
triphenylmethylpotassium : CPh,Li -+- K —-> CPh,K +- Li. Initially, we attempted to 
extend this reaction to the direct preparation of alkylpotassium compounds by interaction 
of sodium-potassium alloy and solutions of alkyl-lithium compounds in paraffin hydro- 
carbons; reaction in such solvents was found to be negligible, but it occurs quite readily 
in the presence of aromatic hydrocarbons. Arylpotassium compounds are formed, fre- 
quently in very good yields, and are readily and almost quantitatively converted into the 

* Part I, J., 1950, 1975. Through a misunderstanding, the title of Part I was printed as “ Alkali 
Organometal Compounds ”’ which we consider to be less satisfactory than that now given. 
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potassium salts of the corresponding carboxylic acids by treatment with solid carbon dioxide 
in ether. Neither potassium metal nor alkyl-lithium compounds react individually with 
benzene under the conditions used in the metallation experiments, and it has been concluded 
that the reaction involves the following principal steps : 

(1) RLi + K —> RK + Li 


CO. 


(2) RK + C,H, —->RH + C,H,K ———> C,H,°CO,K 
co, ; ; 
(3) C,H,K + RK —> RH + C,H,K, ————> C,H,(CO,K), 


Experiments have been carried out in which R = ethyl, »-propyl, -butyl, sec.-butyl, 
tert.-butyl, and n-amyl. The results are summarised in the Table and are discussed below. 
Reaction temperatures of 20° and 65° have been generally employed, potassium being 
used in the latter cases and the liquid 1 : 4 sodium—potassium alloy in the former. Gilman 
and Young (loc. cit.) found that use of this alloy led to production of potassium compounds 
only; we can confirm this. Some alkyl-lithium compounds may be directly prepared in 
benzene solution from the corresponding halides and lithium metal (Ziegler and Colonius, 
Annalen, 1930, 479, 135), but the reaction is rather slow and yields are not always satis- 
factory. For the present purposes, it has been found preferable to employ n-pentane as 
a reaction medium as recommended by Gilman and his co-workers (J. Amer. Chem. Soc., 
1940, 62, 2333; 1941, 63, 2479). Slight modifications have led to improved yields, except 
in the case of éert.-butyl-lithium. Reactions with potassium have been carried out subse- 
quent to the replacement of m-pentane by benzene. 

From a reaction carried out at 65° using sec.-butyl-lithium, a little sec.-butylbenzene 
has been isolated. Other alkyl-lithium compounds also appear to produce traces of the 
corresponding alkylbenzenes, although no alkylation has been found to occur at 20°. The 
formation of alkylbenzenes during the metallation of benzene has not previously been 
observed. It has been shown that little sec.-butylbenzene is formed by a reaction between 
sec.-butyl chloride and potassium in benzene at 65° : this has eliminated the possibility that 
sec.-butylbenzene isolated from the metallation experiment was derived from the presence 
of excess of sec.-butyl chloride in the preparation of sec.-butyl-lithium which was used. The 
result suggests that the most reactive organometallic compounds can react with benzene 
in two ways, viz., the metallation reaction (2) and an alkylation reaction which we tentatively 
express as RK +- C,H, —> C,H;R + KH. It is hoped that future work will show 
whether this alkylation occurs by direct elimination of a hydride ion, or whether the 
initial step is one of addition followed by loss of potassium hydride from the adduct. 
Reactions of the latter type are well known to occur between organolithium compounds 
and certain heterocyclic nuclei. A third possibility, that alkylation occurs by reaction of 
a free sec.-butyl radical with benzene, is rendered unlikely by the absence of the olefinic 
dismutation products which would be expected to arise from such a radical. 

For the sake of completeness, metallation experiments using sodium and lithium com- 
pounds have been carried out. Ethyl-sodium was allowed to react with a moderate excess 
of benzene at 15—20°, and after a reaction with carbon dioxide there was obtained, in addi- 
tion to benzoic acid, a mixture of terephthalic and ¢sophthalic acids in the approximate ratio 
of 7:3. This ratio is of the same order as that found with ethylpotassium (see Table). 
Morton (/oc. cit.) mentioned that dimetallation of benzene by the insoluble »-amylsodium 
was exclusively meta only when exceptionally vigorous stirring was employed, and that 
otherwise some para- -dimetallation occurred. In order to exclude the possibility that 
para-attack is a consequence of inadequate mixing of the reagents, we have examined the 
metallation of phenyl-lithium by -butyl-lithium in a one-phase reaction mixture. Re- 
action occurred mainly at the para-position. 

In the case of the potassium compounds, it is probable that equations (1), (2), and (3) 
represent a simplification of the true course of reactions. This has been indicated by an 
experiment in which a solution containing an excess of sec.-butyl-lithium in benzene was 
caused to react with 1 g.-atom of potassium. Equation (1) requires that 1 mole of 
sec.-butyl-lithium should be consumed : in fact, 1-4 moles were consumed (i.e., converted 
into insoluble material). This anomaly becomes less puzzling when it is considered that 
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alkyl-lithium compounds do not exist in solution as simple molecules. Ethyl-lithium in 
benzene solution is some six-fold associated (Hein, Petzchner, Wagler, and Segitz, Z. 
anorg. Chem., 1924, 141, 161) and it is probable that solutions of other organolithium com- 
pounds are similarly constituted. The initial reactions between such solutions and potas- 
sium may be pictured as involving the stepwise substitution of lithium by potassium in the 
associated complex, this giving rise to a series of compounds of progressively decreasing 
solubility. It is to be expected that as the solubility of the product becomes less, so also 
does the rate of reaction with potassium; and when an insufficiency of potassium is em- 
ployed, the final production of sparingly soluble complexes of the type (RLi),(C,H;K), may 
reasonably be postulated. Similar behaviour is observed in reactions between phenyl- 
lithium and potassium (Bryce-Smith, unpublished). 

Dimetallation.—The present results indicate that orientation in dimetallation is very 
largely meta-para; ortho-positions are scarcely attacked, if at all. [Previous reports (see 
above) of ortho-dimetallation may probably be attributed to the use of the unsuitable 
“fluorescein test ’’ to detect traces of phthalic acid (cf. Mulay and Mathur, Current Sct., 
1951, 20, 206).) The meta : para ratio varies somewhat with the nature of the alkyl group 
in the reagent, but there is no obvious relation between this ratio and the length or degree 
of branching of the alkyl chain. For a given alkyl group, the effect of varying the metal 
does not appear to be great, although the para : meta ratio of 1-2 which we have found 
with 2-amylpotassium is higher than that found by Morton and his co-workers (loc. ctt.) 
with the use of -amylsodium ; but these workers’ evidence for “‘ exclusive ’’ meta-dimetal- 
lation of benzene largely rested upon a melting point for di-/-bromophenacyl tsophthalate 
which we now find to have been some 11° low. 

Interpretation of the present dimetallation results is rendered difficult by the fact that 
the reaction mixtures have of necessity been heterogeneous. In questions of the directing 
influence of substituents in aromatic systems, it is usually assumed that the entropy of 
activation is the same at each nuclear position, 7.¢., that each position is equally available 
to the attacking reagent (except where the geometry of the molecule results in steric 
hindrance). It is unlikely that this assumption can be made in the case of dimetallation, 
for both reagents are highly insoluble in the reaction medium. With sodium and potassium 
compounds, the fact that dimetallation occurs at all under such unfavourable physical 
conditions strongly suggests that the reactions occur between adjacent molecules in a 
mixed crystal lattice. Geometric factors should therefore greatly influence the orientation 
in these reactions, and should depend in some measure upon the nature of the alkyl group 
in the reagent. If an intermolecular steric effect does indeed operate, it follows that the 
observed isomer ratios cannot properly reflect the activation energies for reactions at the 
corresponding nuclear positions : hence the comparison of alkali-metal substituents with 
other atoms or groups of known character may at present not be justified. These consider- 
ations also probably apply to dimetallation by the soluble organolithium compounds in 
view of their considerable association in benzene solution. The overall effect of a 
lithium substituent is evidently one of deactivation towards the metallation reaction, for 
even when two strongly ortho-directing groups such as methoxyl are present, only one 
lithium atom is introduced under the usual conditions (Wittig, Pockels, and Droge, Ber., 
1938, 71, 1903; Gilman, Willis, Cook, Webb, and Meals, ]. Amer. Chem. Soc., 1940, 62, 667). 


EXPERIMENTAL 
M. p.s are corrected unless otherwise stated. 

Purification of Materials —‘ AnalaR”’ benzene was purified by fractional freezing: this 
process, repeated five times, gave material, 3? 1-5010, which solidified to a clear glass at 5°. 
n-Pentane was freed from unsaturated and aromatic compounds by several hours’ shaking with 
5% oleum, then washed, dried, and distilled over sodium. The fraction, b. p. 35—36°, was 
used. All alkyl halides had a b. p. range of <0-5°. tert.-Butyl chloride was prepared im- 
mediately before use, and all materials were thoroughly dried. 

Experiments were conducted under an inert atmosphere: the vapour of the refluxing 
medium was used in preference to nitrogen, and the system was closed by a mercury seal. The 
stirrer was made gas-tight by a seal of “‘ Portex "’ tubing which was effective under reduced 
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pressure when lubricated by liquid paraffin. Otherwise, hydrocarbon greases were avoided. 
The usual precautions were taken for the handling of substances spontaneously inflammable in 
air; the potassium compounds are particularly sensitive in this respect. 

Preparation of Alkyl-lithium Compounds.—(a) Ethyl-, n-propyl-, n-butyl-, sec.-butyl-, and 
n-amyl-lithium. Lithium (2-0 g., 0-29 g.-atom) was extruded as wire of 0-5 mm. diam. from a 
‘“‘ Nalik ’’ press directly into m-pentane (40c.c.). A mixture of the halide (0-12 mole of ethyl 
bromide, or »-propyl, -butyl, sec.-butyl, or n-amyl chloride) with n-pentane (40 c.c.) was added 
continuously during 3—4 hours. Gentle refluxing was maintained by a warm water-bath and 
the mixture was vigorously stirred. Stirring under reflux was continued for | hour after 
addition of the halide solution. Yields were determined by the removal of I-c.c. portions of 
clear solution, treatment with water, and titration with standard acid. Ethyl-lithium has a 
low solubility in »-pentane and in this case portions of the stirred suspension were removed for 
estimation. With each compound, yields of 93—98% were regularly obtained; but these were 
greatly reduced if the halide solution was added more rapidly or not steadily. It was found 
that the solubility of ethyl-lithium in n-pentane at 20° is 7-6 g./l. This low solubility doubtless 
explains the high yields which may be obtained with the use of ethyl bromide, for higher alkyl 
bromides under similar conditions furnish much poorer vielcs o* the corresponding alkyl-lithium 
compounds. 

(b) tert.-Butyl-lithium. When tert.-butyl chloride was employed in the above procedure, 
the highest yield of ¢ert.-butyl-lithium was 5%. Tyler, Sommer, and Whitmore’s method 
(J. Amer. Chem. Soc., 1948, 70, 2876) furnished a yield of 22%, when carried out on the above 
scale: they reported yields averaging 66%. 

General Procedure for Metallation by Alkylpotassium Compounds.—n-Pentane was distilled 
under reduced pressure and with vigorous stirring from a preparation which contained a known 
amount of an alkyl-lithium compound (free from lithium halide in some cases, but this was not 
essential). Benzene and potassium were then added (1: 4 sodium—potassium alloy for those 
reactions to be carried out at 20°), and the mixture was vigorously stirred. Completion of the 
reaction was indicated when gas ceased to be evolved and was checked by titration of 1-c.c. 
portions of the clear supernatant liquid obtained by sedimentation. The whole product was 
quickly poured on a mixture of solid carbon dioxide and ether, and after a short time, alkali 
metals were destroyed by cautious addition of tert.-butyl alcohol containing ca. 20% of water. 
This alcohol was used in order to prevent any loss of acids by esterification during subsequent 
operations : the use of the pure alcohol led, in one instance, to a sudden over-vigorous reaction 
following a time lag. Separation of the mixture of mono- and di-carboxylic acids was effected 
in the following manner. The mixture was acidified to remove lithium carbonate and was then 
quickly basified with sodium hydroxide. The separated organic layer was examined for neutral 
reaction products, and the aqueous layer was boiled to remove ¢ert.-butyl alcohol, saturated with 
salt, acidified, and extracted with sufficient benzene to dissolve the precipitated benzoic acid. 
Insoluble isophthalic and terephthalic acids were obtained by centrifugation and were purified by 
reprecipitation and, if necessary, sublimation under reduced pressure. Benzoic acid obtained 
by evaporation of the benzene solution was usually perfectly pure without recrystallisation ; 
but mixed m. p.s were always taken. The combined aqueous liquors were made alkaline and 
concentrated, and were then acidified and extracted with cyclohexanone to furnish aliphatic 
acids and phthalic acid, if present. A further small quantity of benzoic and isophthalic acids 
was generally obtained at this stage and these acids were combined with the main crops. 

Separation of isoPhthalic and Terephthalic Acids.—(a) via the dimethyl esters. A mixture of the 
acids (0-6 g. of each) was heated under reflux for 10 hours with methyl alcohol (18 c.c.) and con- 
centrated sulphuric acid (2c.c.). The clear solution was cooled to 5—10° and filtered. The crystals 
were quickly washed with methyl] aicohol (2 c.c.) which had been cooled in solid carbon dioxide, 
and then with a little water to give dimethyl terephthalate (0-65 g., 93°), m. p. 140° (pure 141°). 
The filtrate was warmed under reduced pressure to remove methy! alcohol and treated with 
brine to precipitate dimethyl tsophthalate (0-65 g., 939%), m. p. 61—62° (pure 67°): the m. p. 
could not be raised by recrystallisation from aqueous methyl] alcohol or from light petroleum. 
Experiments with synthetic mixtures showed that the m. p. of pure dimethyl isophthalate is 
depressed ca. 1° by each 1% of added dimethyl terephthalate up to at least 10%. Accordingly, 
the corrected yield of dimethyl terephthalate in the above separation was 98% and that of the 
iso-ester 88%. When only very small quantities of the mixture of acids were available, the 
esterification was conducted in a sealed tube (considerable pressure develops). Identities of 
esters were always confirmed by mixed m. p. determinations. 

(5) via the barium salts. Separations were conducted essentially according to Smith’s 
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method (zb7d., 1921, 43, 1920), but were invariably imperfect, the recovery of terephthalic acid 
being sometimes as much as 10% low. 


Yields (%) of products from the interaction of alkylpotassium compounds and benzene, 
after reaction with carbon dioxide. 
Reagent Temp. Ph°CO,H C,H,(CO,H), para/meta ortho R:CO,H C,H,R 
0-3 . 


sec.-C,H,K = 
tert.-CgH,K 2 ca. % - -—- -— 
n-C,H,,K 35 4:5 “2 - _ <lt 
* Further data regarding this experiment are reserved for a future publication, since it was 
carried out under special conditions in connection with another problem. 
+ Not rigorously identified. 

Metallation Reactions.—(a) Ethylpotassium at 20°. A solution of ethyl-lithium (0-084 
mole) in benzene (120c.c.) was vigorously stirred with an alloy of potassium (5-5 g., 0-14 g.-atom) 
and sodium (1-1 g.). Evolution of ethane commenced within a few minutes and the mixture 
became brown. ‘The reaction was 93% complete after 52 hours. After a reaction with carbon 
dioxide there were obtained benzoic acid (2:5 g.) and a dicarboxylic acid (20 mg.). The latter 
furnished barium terephthalate (25 mg.) and a solid (4 mg.), m. p. 320—330° (uncorr.), which 
was probably crude isophthalic acid. Neutral products were not investigated. 

(b) n-Propylpotassium at 65°. The reaction between n-propyl-lithium (0-14 mole) and 
potassium (11 g., 0-28 g.-atom) in benzene (90 c.c.) was largely complete within 44 hours at 65°. 
The evolved gas was slightly unsaturated to bromine in carbon tetrachloride. Reaction with 
carbon dioxide gave benzoic acid (9-0 g.), tsophthalic acid (0-56 g.), and terephthalic acid (0-31 
g.). The only definite neutral product was a liquid (0-1 g.), b. p. 155—165°, but the amount 
was insufficient to establish identity with n-propylbenzene (b. p. 159°). Diphenyl and phthalic 
acid were absent. 

(c) n-Butylpotassium at 20°. The reaction between n-butyl-lithium (0-082 mole) and an 
alloy of potassium (6-2 g., 0-16 g.-atom) and sodium (1-5 g.) in benzene (50 c.c.) was 95% com- 
plete within 60 hours. Reaction with carbon dioxide gave benzoic acid (6-0 g.), isophthalic 
acid (0-12 g.), terephthalic acid (0-18 g.), and m-valeric acid (1-05 g.), b. p. 184—186°. The 
bulk of the aliphatic acid was evidently derived from an insoluble organometallic species. No 
n-butylbenzene, diphenyl, benzophenone, or phthalic acid was detected. 

(d) n-Butylpotassium at 65°. n-Butyl-lithium (0-07 mole) in benzene (45 c.c.) was heated 
to 80° to initiate a reaction with potassium (5-5 g., 0-14 g.-atom). The mixture was quickly 
cooled to 65° at which temperature the reaction was 73°,, complete after 4 hours. The evolved 
butane was slightly unsaturated to bromine in carbon tetrachloride. Reaction with carbon 
dioxide gave benzoic acid (4:1 g.), zsophthalic acid (0-18 g.), and terephthalic acid 0-26 g.). 
0-2 G. of a colourless neutral liquid, b. p. 160—180°, was also obtained. This had an odour 
which resembled that of »-butylbenzene (b. p. 184°), but the amount was insufficient to confirm 
the identity. Diphenyl and phthalic acid were absent. 

(e) sec.-Butylpotassium at 20°. The reaction between sec.-butyl-lithium (0-092 mole) and 
an alloy of potassium (6-6 g., 0-17 g.-atom) and sodium (1-65 g.) in benzene (55 c.c.) was 96% 
complete after 30 hours at 15—-20°. (Estimation required the filtration of a measured portion 
of the brown suspension, for sedimentation was too slow for the usual method to be employed.) 
Reaction with carbon dioxide gave benzoic acid (5-1 g.), isophthalic acid (0-11 g.), and tere- 
phthalic acid (0-075 g.). The presence of a trace of phthalic acid was indicated by a positive but 
weak ‘‘ phenolphthalein test.”’ sec.-Butylbenzene and diphenyl] were absent. 

(f) sec.-Butylpotassium at 65°. The reaction between sec.-butyl-lithium (0-0855 mole) and 
potassium (6-6 g., 0-17 g.-atom) in benzene (50 c.c.) was 95°, complete after 14 hours at 65°. 
n-Butane which was evolved had b. p. 0—2° (uncorr.) and was fully saturated to bromine in 
carbon tetrachloride. The reaction with carbon dioxide gave benzoic acid (5-5 g.), isophthalic 
acid (0-23 g.), and terephthalic acid (0-275 g.); no phthalic acid was detected. A neutral 
liquid (1-5 g.) was obtained which distilled over the range 110—-180°: only a trace of material 
of higher b. p. remained. This liquid was slightly unsaturated to bromine in carbon tetrachloride 
and was redistilled over a little sodium to give sec.-butylbenzene (0-5 g.), b. p. 170—173/754 mm., 


ok 
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n® 1-4897. Forziatiand Rossini (J. Res. Nat. Bur. Stand., 1949, 473) record nP 1-49020 (Found : 
C, 89°35; H, 10-65. Calc. for CygH,,: C, 89-5; H, 10-5%). The p-sulphonamide had m. p. 
78—79° (Found: N, 6-4. Calc. for C,gH,;O,.NS: N, 65%). Huntress and Autenrieth 
(J. Amer. Chem. Soc., 1941, 63, 3446) found m. p. 81-0—82-5°. It is possible that the present 
hydrocarbon was not isomerically pure, for a crop of material of lower m. p. which was obtained 
from the mother-liquors of the p-sulphonamide preparation also had N, 6-4%. 

(g) An experiment similar to (e) was performed; but after the reaction with potassium was 
complete, the product was divided into two portions, one of which was treated directly with 
carbon dioxide, whereas the other was heated at 65° for 14 hours before this step. The observed 
ratios of terephthalic to isophthalic acid were the same to within the order of accuracy of the 
estimation. This demonstrated that no appreciable rearrangement or thermal decomposition 
of the dipotassium compounds occurs at 65°. 

(h) tert.-Butylpotassium at 20°. The reaction between ¢ert.-butyl-lithium (0-028 mole) 
and an alloy of potassium (1-75 g., 0-045 g.-atom) and sodium (0-45 g.) in benzene (35 c.c.) was 
90% complete after 126 hours at 15—20°. Reaction of the product with carbon dioxide gave 
benzoic acid (1-35 g.), isophthalic acid (0-02 g.), and terephthalic acid (0-04 g.). No phthalic 
acid was detected. Neutral reaction products were not investigated. 

(i) n-Amylpotassium at 65°. The reaction between n-amyl-lithium (0-135 mole) and 
potassium (11 g., 0-28 g.-atom) in benzene (90 c.c.) was 95% complete after 4 hours at 63—65°. 
Reaction with carbon dioxide gave benzoic acid (13-3 g.), isophthalic acid (0-23 g.), and tere- 
phthalic acid (0-27 g.)._ No phthalic acid was detected. A colourless neutral liquid (0-2 g.) was 
also obtained, of b. p. 178—210°; this when warmed with a little sodium had an odour similar 
to that of n-amylbenzene (b. p. 205°). 

(j) Reaction of potassium with excess of sec.-butyl-lithium in benzene.—A solution of sec.- 
butyl-lithium (0-052 mole) in benzene (50 c.c.) was stirred with potassium (0-787 g., 0-0202 
g.-atom) for 6 hours at 65°: lithium chloride was not present. By the usual titration procedure 
it was shown that 0-024 mole of soluble organometallic conpound remained. Hence, 0-028 
mole of sec.-butyl-lithium had reacted with 0-0202 g.-atom of potassium—a ratio of 1:39: 1. 

Non-veactivity of Alkyl-lithium Compounds towards Benzene.—It was desirable to show that 
alkyl-lithium compounds do not metallate benzene under the conditions of the previous experi- 
ments. Accordingly, solutions of »- and sec.-butyl-lithium in benzene were heated at 65° for 
3 hours : also, a solution of sec.-butyl-lithium in benzene was kept at 15—20° for 8 days. The 
products from these experiments were treated with solid carbon dioxide and furnished specimens 
of the corresponding acids (n-valeric and isovaleric acids) which, without purification, 
were converted into the p-bromophenacyl esters. The ‘“ crude ”’ esters had m. p.s and mixed 
m. p.s within 2° of the accepted values (64° and 55°, respectively). In no case did the neutral 
reaction products give a colour when warmed with sodium; the addition of 1°, of benzophenone 
was readily detected in this manner. Benzophenone is always formed when phenyl-lithium 
reacts with carbon dioxide. 

Metallation of Benzene by Ethylsodium.—A suspension of ethylsodium in u-pentane was 
prepared by addition of diethylmercury (4-8 g., 0-0186 mole) during 15 minutes to sodium 
wire (1-5 g., 0-065 g.-atom) in m-pentane (50 c.c.). Vigorous stirring was maintained for 130 
minutes and the temperature was kept at 10—15° by cooling. To the black product was 
added benzene (4-5 g., 0-058 mole), and stirring was then continued at 15—20° for 6 days, 
by which time evolution of gas had become inappreciable. Reaction with solid carbon dioxide 
in ether gave benzoic acid (1-05 g., 23%), m. p. 118—119°, m. p. and mixed m. p. 121° after 
recrystallisation, together with a mixture of terephthalic and isophthalic acids (0-0426 g., 1-594). 
Separation via the dimethyl esters gave dimethyl terephthalate (0-0319 g.), m. p. 138—139° 
and mixed m. p. 139—140°, and dimethyl isophthalate (0-0092 g.), m. p. 60—61° and mixed 
m. p. 63—64°. No phthalic acid was detected. Only insignificant traces of neutral reaction 
products were obtained and the characteristic odours of ethylbenzene and diphenyl were not 
detected. 

Metallation of Phenyl-lithium by n-Butyl-lithium.—A solution of n-butyl-lithium in x-pentane 
(25 c.c. of 1-64N, 0-041 mole) was added to a solution of phenyl-lithium in benzene (45 c.c. of 
1:89N, 0-085 mole). Both solutions were essentially free from lithium halides. The mixture 
was distilled until the liquid temperature reached 78° and was then kept under gentle reflux. 
The evolution of gas commenced after a few minutes and a pale brown solid slowly separated 
(LiH ?). Heating was continued for 20 hours, by which time the evolution of gas had ceased. 
Reaction with solid carbon dioxide in ether gave benzoic acid (5-0 g., 32°.) together with a 
mixture of terephthalic and ‘sophthalic acids (0-18 g., 5°4) which was separated via the dimethyl 
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esters. Dimethyl terephthalate had m. p. 140° and dimethyl isophthalate m. p. 60—62°: their 
ratio was ca. 2:1. Tests for phthalic and formic acids were negative. From the neutral 
reaction products there was isolated triphenylmethanol (0-7 g.), m. p. and mixed m. p. 161 

Reaction between sec.-Butyl Chloride and Potassium in Benzene.—sec.-Buty] chloride (20-5 g., 
()}22 mole) was added during 30 minutes with vigorous stirring to potassium (7-8 g., 0-2 g.-atom) 
in benzene (100 c.c.) at 65°. The mixture became deep blue and gas was copiously evolved. 
Fractional distillation of the organic product obtained by addition of water gave sec.-butyl- 
benzene (0-4 g., 3°), b. p. 173—175°. No diphenyl was formed. 

Di-p-bromophenacyl isoPhthalate.—m-Toluic acid was recrystallised to constant m. p. and 
oxidised to isophthalic acid by alkaline permanganate (90% yield). The di-p-bromophenacy! 
ester of this acid was prepared in the normal manner and recrystallised from alcohol-chloroform 
to constant m. p. 189-7° (Found: Br, 28-25. Calc. for C,,H,,O,Br,: Br, 28-5%). Kelly and 
Kleft (J. dmer. Chem. Soc., 1932, 54, 4444) recorded m. p. 179-1°; Morton, Little, and Strong 
(loc. cit.) recorded 179--179-5° : no analytical results were quoted in either case. 

One of us (D. B.-S.) expresses thanks for the award of an I.C.I. Research Fellowship and for 
a grant from the University Central Research Fund. The initial stages of this work were 
supported by financial assistance received through the Institute of Petroleum. 
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178. The Effects of Substituents and Solvents on the 
cis > trans Change of Azobenzene. 
By R. J. W. Le FEvrE and (Miss) J. NortTuHcoTT. 
The rates of geometrical inversion of azobenzene in seven solvents, and 
of azobenzene together with five p-substituted azobenzenes in benzene, have 
been studied by dielectric capacity-time measurements. All show Arrhenius 


equations similar to those previously found applicable to aromatic diazo- 
cyanides. A rough connection between the energy of activation recorded 


for X°C,H,°N,°Ph and up,x is demonstrable via the empirical equation 
E = Ey + 1316(u + 0-226u?). A correlation between the kinetic data and 
the square roots of the internal pressures of the solvents has been examined, 
and also one depending on the solute-solvent interaction energy. The 
second gives indications of being less unsatisfactory than the first. 


FOLLOWING an investigation of the effects of substituents and solvents on the velocities 
of the cts to trans thermal changes of various aromatic diazocyanides (Le Févre and 
Northcott, J., 1949, 944) it became of obvious interest to compare our findings with those 
parallel for the corresponding azobenzenes. Some relevant information had already 
been recorded by Hartley (J., 1938, 633) for the parent azobenzene and five of its 
derivatives having respectively the OH, NH,, NMe , OMe, and *NMe, groups in 
the 4-position, the majority of these having been studied in light petroleum, benzene, and 
acetone, although in some cases water, acetic acid, aqueous acids and other mixtures were 
used. 
However, since neither these media nor the substituents overlapped extensively with 
those taken by us for the diazocyanides, and because his measurements had been spectro- 
photometric at dilutions of 3—8 x 10 mole/l., we have re-examined, at higher 
concentrations in benzene, azobenzene and 4-methoxyazobenzene and added 4-chloro-, 
4-bromo-, and 4-nitro-azobenzene. Halpern, Brady, and Winkler (Canad. J. Res., 1950, 
28, B, 140) have provided full data for azobenzene in sixteen homogeneous solvents with 
dielectric constant ranging from that of heptane to that of water. 


EXPERIMENTAL 
Azobenzene was twice recrystallised from alcohol after a solution in this solvent had been 
boiled under reflux for 1 hour. All operations were performed in the absence of direct daylight. 
The material, m. p. 68°, was stored in an opaque desiccator. The cis-isomer, prepared according 
to Hartley (Joc. cit.) and recrystallised from light petroleum by cooling below room temperature, 


had m. p. 71—72?°. 
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The tvans-substituted azobenzenes were obtained by direct condensation of nitrosobenzene 
with the appropriate aniline derivative in acetic acid (cf. Beilstein, ‘‘ Handbuch etc.,’’ Vol. XVI). 
cis-p-Chloro-, -p-bromo-, and -p-methoxy-azobenzene were isolated by procedures similar to 
those used for azobenzene. M. p.s of the azobenzenes were : 4-chloro-, cis 32°, trans 90—91°; 
4-bromo-, cis 39°, trans 88—89°; 4-methoxy-, cis ca. 25°, trans 53—54°. 

As with the diazocyanides, dielectric-capacity changes have been used to follow the reactions. 
To secure greater constancy than is possible with batteries for long times, an oscillator was built 
around a 6SJ7 pentode associated with a stabilised HT supply and having a Phillips type 1941 
barrettor in series with the heater circuit. Fig. 1 shows the arrangement. The cell, thermostat, 
other ancillary details, and procedures have been described previously (J., 1948, 1949; 1949, 
333, 944) except that the variable condenser C, utilised in the present work was a Sullivan 
second-grade instrument from which all but two of the rotating vanes had been removed ; 
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C,, Radio variable condenser. C,, Cell. Cz, 
Precision variable condenser. Cy, loup¥ 
Mica condenser. Cs, 225upF Mica con- 
denser. R,, 5000 ohms 2 watt Resistor. 
R,, 4500 ohms 2 watt Resistor. V,, 6SJ7 
Pentode. V.,, Barrettoy (Phillips Type 
1941). M, 0O—25 Milliameter. 


when checked against a ‘‘ stepped rod ’’ condenser, built on the lines shown in Fig. 4 of 
J., 1950, 276, C, displayed a rectilinear dependence of capacity on scale-reading over the central 
two-thirds of its range; its maximum usable variation was 16—20 uur, requiring for traversal 
some 40 revolutions of a geared worm-drive counter-head, 0-01 turn of which caused a detectable 
change in the milliammeter M. 

Since the reactions under study were of the first order, in all cases solutions of the trans- 
forms in benzene (of the quality used for dipole-moment determinations; cf. J., 1948, 2270) or 
other solvents (purified as in J., 1949, 944) were exposed to direct sunlight in clear glass flasks 
for 1 hour, then introduced into the cell C,, and observations on C, were recorded as soon as 
thermal equality with the bath-liquid had been attained. In some instances (marked * in 
Tables 1 and 2) comparative runs were also made with freshly dissolved pure cis-isomerides ; 
data so obtained always confirmed those secured from the photo-generated cis—trans-mixtures. 


PABLE 1. cis fo trans Inversion of R°CgHyNiN-CgH, 17 benzene. 
Rose Rese Rage A (sec.~!) E (keal./mole) 
0:0058 * 0:0727 * ad ‘5 x 10 23:7 
0-0159 0-217 = 5 x 10% 24:5 
0-0107 0-116 * — 8-5 x 10910 22-4 
0-0101 * 0-122 - -2 x 10}! 22-6 
ca. 0-004 0-045 0-662 x 101! 23-2 
0:0232 * 0-247 -— ‘3 x 10" 22-] 


FABLE 2. cis to trans Inversion of CgH;*N:N-C,H, tn different solvents. 
Solvent Rese Rese oes A (sec.~1) E (keal./mole) 
cycloHexanone . : © 0-0301 * 0-707, 5-6 x 1018 27°3 

“Fs 0-0046 0-084 * 1-976 15 x 10% 27:3 
0-0058 * 0:0727 * - 4: 10"! 23-7 
0-0071 0-0916 * _- x 101 23-9 
0-0074 00896 * a <x 0M 23°5 
0-0075 0-0849 * — 8-7, x 101 22-6 
0-0078 0-112 * - 5-45 x 101% 25-0 


REsuULTS 
Table 1 sets out the values for the rate constants, & (in hr.“), at the indicated temperatures, 
of azobenzene and five of its derivatives in benzene, together with the corresponding frequency 
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factors, A, and the energies of activation, E, required by the equation 4, = de *"?, Table 2 
presents similar data for the parent molecule in seven solvents. 

DISCUSSION 

The A and E values now reported for the azobenzenes fall over ranges which are 
approximately those already found for the aromatic diazocyanides (J., 1949, 944), namely, 
1011—10" sec.-} and 21—26 kcal./mole, respectively. They illustrate again the difference, 
previously noted, between these -NIN- containing molecules and the stilbenes, for the 
interconversion of which in the liquid phase A = 2-7 x 10!@ sec.-! and E = 36-7 kcal./mole 
(cf. Taylor and Murray, J., 1938, 2078). For comparison, the corresponding change with 
the piperonaldoximes in benzene shows A = 2-5 x 10! sec.-! and E = 22-6 kcal./mole 
(Le Févre and Northcott, J., 1949, 2235). 

Hartley (loc. cit.) quotes ‘‘ times for half-change ’’ in benzene at two or more temper- 
atures only for azobenzene; from these figures we calculate A = 4-2 x 10" sec.-! and 
E = 23-6 kcal./mole. For the same system Halpern, Brady, and Winkler (loc. cit.) give 
2-1 x 104 sec! and E = 23-3 kcal./mole. In the case of 4-methoxyazobenzene, 
examined by Hartley in our solvent at 25°, a half-life of 29-9 hours is required by the &g, 
listed in Table 1; Hartley found 30 hours; we conclude therefore that the present results 
are reasonably in congruence with his. 

Regarding the effects of substituents, a rough parallelism exists between the diazo- 
cyanides and the azobenzenes. Fig. 2, in which 3 +- log Razobenzene iS plotted against 
2 -++- log Rdiazocyanide, Suggests the same trend. Figs. 3 and 4 are of interest also in displaying 

Fic. 2. Fic. 3. Fig. 4. 
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an approximately rectilinear relation between the logarithms of the rate constants of the 
azobenzenes with those for the racemisations (in acetone) of various 3’- or 4’-substituted 
2’-methoxy-2-nitrodiphenyl-6-carboxylic acids (Adams e¢ al., J. Amer. Chem. Soc., 1934, 
56, 1788; 1935, 57, 1565). In all three diagrams the points for azobenzene itself are not 
reconcilable with those for its derivatives. These questions were explored since each of 
the reactions concerned involves a mutual twisting of two halves of a molecule. Among 
the azobenzenes the energy of activation rises with f-substitution, the order of groups 
being from MeO, through Cl, Br, NO,, H, to Me. We cannot see any direct correlation 
of this fact with known properties of the radicals named, although, as with the diazo- 
cyanides (Le Févre and Northcott, loc. cit.; Le Févre and Freeman, J., 1950, 3128), the 
empirical equation E = Ey +- C(u + ay) appears roughly to apply (here E and Eg are 
the activation energies for the derived and parent compounds respectively, p is the dipole 
moment of the corresponding monosubstituted benzene, and C and «@ are constants; 
cf. J., 1933, 890, 1248; Trans. Faraday Soc., 1938, 34, 163). Thus writing E = 
Ey + 1316(u% +- 0-226y?) gives the figures in the third column of Table 3. The analogous 
TABLE 3. Calculation of E for substituted azobenzenes by equation. 
E = Ey + 1316(u + 0-226y?). 
p-Subst. fppx E(cale.) E (obs.) -Subst. Phx E (cale.) — E (obs.) 
0D. 23-7 23-7 ‘i —4:0 23-2 23-2 
j 22-4 22-4 } —13 22-5 22-1 
22-4 22-6 I +0-4 24:3 24:5 
expression, used previously, for the diazocyanides was E = Eg + 1604(u + 0-209y?). 
Finally, we wish to comment on the effects of solvents on these cts to trans changes. 
Halpern, Brady, and Winkler (loc. cit.) conclude that for azobenzene itself Fons, is a straight- 
line function of the square root of the internal pressure of the solvent. With p-chloro- 
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benzenediazocyanide (Le Févre and Northcott, Joc. cit.) we had tried this possibility 
incidentally with others, some of which seemed more satisfactory. Through the absence 
from the literature of heats of vaporisation for several of the media used we 
could not always compute the internal pressures required as the ratio (energy of 
vaporisation)/(molecular volume); instead we used (a) an empirical expression due to 
Hildebrand (cf. Glasstone, ‘‘ Text Book of Physical Chemistry,’’ Van Nostrand, 2nd Edn., 
1946, p. 480), thus taking the internal pressure, Pj, at 25° as (24-57, -- 1400)/V.,,, where 
Ty = b. p. in °k, and V = molecular volume, and (6) the “ solubility parameter values ”’ 


Fic. 5. Fic. 6. 
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(assumed equal to Pj*) listed by Hildebrand and Scott (‘ Solubility of Non-Electrolytes,”’ 
Reinhold Publ. Corp., 3rd Edn., 1950, p. 486). The Pj figures indicated by method (a) or 
(b) agreed with those by (Eyap.)/V in the cases where Hyap, data were available. 

In Fig. 5 the energies of activation for 4-chlorobenzenediazocyanide (Le Févre and 
Northcott, Joc. cit.) in eight solvents are plotted against (P;)*; the rectilinearity is not 
better than in other graphs in J., 1949, 944. Fig. 6 shows a similar graph for azobenzene 
in the seven solvents named in Table 2; both Figs. 5 and 6 fail notably to include o-di- 
chlorobenzene and cyclohexanone. Accordingly we have again followed the idea used in 
J., 1949, 944, 7.e., that electrostatic forces between solute and solvent molecules tend to 
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resist the inversion process: if the actual moment of a solvent molecule contiguous to a 
solute molecule is proportional to psy = psolvent + 2 X Molvent - Ysolute/ (“solute + %solvent)® 
(x being the polarisability, » the dipole moment, and 7 the radius of the molecules 
considered, i.e., 3 A for azobenzene and as listed in J., 1949, 944 for the solvents), and if 
solute ANA pgolvent are taken as acting at the centres of the molecules concerned, 
then the interaction energy between solute and solvent is also proportional to 
U = um. Usotute/ (“solute + “sotvent)®, 2.e., to Q?2U (where pactuat = Qigas; cf. Onsager, J. Amer. 
Chem. Soc., 1936, 58, 1496). Fig. 7 shows E plotted against Q?U computed on the simple 
lines just given; remembering the speculative nature of the quantitative assumptions 
upon which it is based, we submit that Fig. 7 offers indications of a relation smoother than 
those depicted in Fig. 5 or 6. 

The authors thank Imperial Chemical Industries, Australia and New Zealand, Ltd., for a 
donation which has assisted the purchase of equipment. 
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179. The Chemistry of Subterranean Clover. Part I1.* Synthesis and 
Reduction of isoflavones related to Genistein and Formononetin. 


By R. B. BrapBury and D. E. Wuite. 


Two new isoflavones, 2-ethyl-7 : 4’-dihydroxyisoflavone and 2-ethyl- 
5:7: 4’-trihydroxyisoflavone, and some of their methyl and acyl derivatives 
are described. Some related tsoflavanones, isoflavanols, and isoflavens 
have been obtained by reduction of the isoflavones. 7: 4’-Dimethoxy-2- 
methylisoflav-3-en and 4-ethyl-7 : 4’-dimethoxyisoflav-3-en are oestrogenic. 
GENISTEIN (5:7: 4'-trihydroxyisoflavone) is a pro-cestrogen, responsible for most of 
the cestrogenic activity of subterranean clover (Part I *), which also contains, tnter alia, 
formononetin (7-hydroxy-4’-methoxyisoflavone). Some compounds related to these 
isoflavones have now been prepared for the study of their cestrogenic effects. 
2-Ethyl-4’-methoxy-7-propionoxy- and 2-ethyl-4'-methoxy-5: 7-dipropionoxy-isoflavone 
have been prepared by propionylation of the appropriate deoxybenzoin (cf. Baker and 
Robinson, /., 1925, 127, 1981). Treatment with hydriodic acid yields 2-ethyl-7 : 4’-di- 
hydroxy- and 2-ethyl-5: 7: 4’-trihydroxy-isoflavone, while sodium carbonate affords 
2-ethyl-5 : 7-dihydroxy-4’-methoxyzsoflavone. 

(strogenic 
activity, 
total dose 

‘ ars ils er mouse (mg. 
Light absorption Oscillator P ; ah 8 
[—ntattisiananiasamgnnectmaisiianimcisconce, CECEMEE (eunee irre 
Compound Emax. mas (f) at at 
isoFlavones. 
7: 4’-Trihydroxy 26: 42,700 O-9T - 1-0 
: 7: 4’-Trihydroxy-2-methyl - - 257-5 33,740 0-74 -- 
-Ethyl-5 : 7 : 4’-trihydroxy - - 255 32,582 
: 4’-Dihydroxy-7-methoxy —- ~~ - 2:1 
5-Hydroxy-7 : 4’-dimethoxy ~- - - — - - 
: 4’-Dihydroxy - - . : 
-Hydroxy-4’-methoxy j 2% 27,440 
: 4’-Dihydroxy-2-methy] -— — — 
-Ethyl-7 : 4’-dihydroxy —- - — — 
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isoFlavanones. 
: 4’-Dimethoxy 2-5 8,090 27; 16,450 
: 4’-Dimethoxy-2-methyl 2-5 7,600 272-5 16,340 
5:7: 4’-Trimethoxy 283-5 20,580 ~ ~- 
isoFlav-2-en. 
: 7:3’: 4’-Tetramethoxy ! 28: 13,520 22: 26,880 


isoFlav-3-ens. 
: 4’-Dimethoxy 33: 23,900 14,660 
: 4’-Dimethoxy-2-methy] : 22,820 14,430 
: 4’-Dimethoxy-4-methy] : } 17,470 — 
-Ethyl-7 : 4’-dimethoxy 5 15,660 — 
Miscellaneous. 
7-Methoxy-3-p-methoxyphenylcou- 
marin 5 5 23,660 245 14,070 
7: 4’-Dimethoxyisoflavan * 282 5,394 ; - 
7-Acetoxy-4’-methoxy-2-methyliso- 
flavan-4-ol 27: 4,200 - - — 3-1 
5:7: 4’-Trihydroxyflavone ! — - — _ 1-7 — 
1 Kindly supplied by Professor W. Baker, Bristol. * Wessely and Prillinger, Ber., 1939, 72, 629. 
3 Calc. on the assumption that the absorption band is symmetrical. Error probably at least 5%. 
* Calc. for the long wave-length band. ® This compound will be described in a later paper. 


The tsoflavones are hydrogenated to tsoflavanones at a platinum catalyst in acetic acid 
(cf. Anderson and Marrian, J. Biol. Chem., 1939, 127, 649). Further reduction of 7 : 4’- 
dimethoxyisoflavanone gave a mixture of 7: 4’-dimethoxyi/soflav-3-en and 7: 4’-di- 


* Part I, J., 1951, 3447. 
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methoxyzsoflavan. A similar reduction of 7 : 4’-dimethoxy-2-methylisoflavone gave only 
a small amount of the ¢soflavanone, the main product being 7 : 4’-dimethoxy-2-methyliso- 
flav-3-ene, also obtained by reduction of the isoflavone with excess of lithium aluminium 
hydride. 7:4’-Diacetoxy- and 7-acetoxy-4’-methoxy-2-methylisoflavone yielded iso- 
flavanones, accompanied by small amounts of the corresponding isoflavan-4-ols, while 
5:7: 4’-trimethoxyisoflavone gave a good yield of tsoflavanone. Reduction of genistein 
gave an inseparable mixture. 

That the double bond of the flavones is first attacked on hydrogenation is shown by the 
presence of a carbonyl group in the products (infra-red spectra of 7 : 4’-dimethoxy- and 
7 : 4’-dimethoxy-2-methyl-isoflavanone, and the formation of a 2: 4-dinitrophenyl- 
hydrazone from 5: 7 : 4’-trimethoxy/soflavanone). 

The assignment of the double bond to the 3-position in the 7soflavens is based on the 
formation of 7: 4’-dimethoxyisoflavene by hydrogenation of the corresponding iso- 
flavanone, the intermediate tsoflavanol apparently suffering dehydration in acetic acid. 
The presence of the double bond in the 3-position, rather than the 2-position, is supported 


Fic. 1. 
: 4’-Trihydroxyisoflavone. 
: 4’-Trihydroxy-2-methylisoflavone. 
hyl-5 : 7: 4’-trihydvoxyisoflavone. 
-Hydroxy-4’-methoxyisoflavone. 
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by the fact that introduction of an alkyl group in the 2-position, as in 7 : 4’-dimethoxy-2- 
methylisoflaven has a comparatively small effect on the two main ultra-violet absorption 
bands (Table and Fig. 3) in contrast to the large effect of a 2-alkyl group (situated on a 
doubly-bonded carbon) in the isoflavones (Table and Fig. 1); similarly the effect of a 
2-alkyl substituent in the 7soflavanones is small (Table and Fig. 2). Also a substituent in 
the 4-position in the isoflavenes (7 : 4’-dimethoxy-4-methyl- and 4-ethyl-7 : 4’-dimethoxy- 
isoflav-3-en) has a hypsochromic effect similar to that of 2-substituents in the zsoflavones, 
and, in addition, there is a strong resemblance between the spectra of the isoflav-3-ens 
and 7-methoxy-3-p-methoxyphenylcoumarin. Furthermore, 5:7 : 3’: 4’-tetramethoxy- 
isoflav-2-en (Baker, J., 1929, 1593) has a quite different ultra-violet spectrum (Table and 
Fig. 3), confirming the structure assigned to it by Freudenberg, Carrara, and Cohn 
(Annalen, 1926, 446, 87). 

Preliminary tests of the cestrogenic activity of a number of the compounds prepared 
have been carried out by measuring increases in the uterine weight of mice (cf. Robinson, 
Austral. J]. Exp. Biol. Med. Sct., 1949, 27 297) and by the vaginal cornification 
method (Table). The cestrogenic activity of the isoflavones is not analogous to 
that of the stilbeestrol series. A 5-hydroxyl group (chelated with the carbonyl group) 
appears to be essential for activity while 2-alkyl substituents greatly reduce the 
activity, probably owing to distortion of the planar ring system of genistein, which is 
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indicated by models and the effects of these substituents on the ultra-violet absorption 
spectra of the tsoflavones (Table and Fig. 1). Such effects are generally attributed to 
‘steric inhibition of resonance ”’ (cf. Henbest and Woods, /., 1952, 1150) in non-planar 
compounds. The observed reduction in oscillator strength (cf. Table) caused by a 2-methyl 
group is comparable with that observed by Beale and Roe (J. Amer. Chem. Soc., 1952, 74, 
2302) for the presence of two hindering methyl groups in 4-dimethylaminostilbene. 
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4’-Dimethoxyisofiavanone. d 
: 4’-Dimethoxy-2-methylisojlavanone. f 
5: 7: 4’-Trimethoxyisoflavanone. c 


, 7: 4’-Dimethoxyisoflav-3-en. 

, 7: 4’-Dimethoxy-2-methylisoflav-3-en. 
7, 5:7: 3’: 4’-Tetramethoxyisoflav-2-en. 

, 7: 4’-Dimethoxy-4-methylisoflav-3-en. 
-Ethyl-7 : 4’-dimethoxyisofiav-3-en. 
-Methoxy-3-p-methoxyphenylcoumarin. 
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In contrast, the ¢soflav-3-ens are cestrogenic only when they have a 2- or 4-substituent 
and are then much more active than genistein. Furthermore the active compounds have 
no 5-hydroxyl group and appear to be strictly analogous to compounds of the stilbcestrol 
series in their cestrogenic activity. 


IE-XPERIMENTAL 

M. p.s are corrected. Analyses are by the C.S.I.R.O. Organic Microanalytical Laboratory, 
Melbourne, and Drs. Weiler and Strauss, Oxford. The ultra-violet absorption spectra were 
determined in ethanol with a Beckman Model D.U. spectrophotometer. 

7: 4’-Dihydroxy -2-methylisoflavone.—7 - Acetoxy-4’-methoxy-2-methylisoflavone (Baker, 
Robinson, and Simpson, /., 1933, 274; Wessely and Lechner, Sitzungsber. Akad. Wiss. Wien, 
1930, 139, IIb, 1061) had m. p. 197°. Hydrolysis gave 7-hydroxy-4’-methoxy-2-methyliso- 
flavone, m. p. 286—287°, and demethylation 7 : 4’-dihydroxy-2-methylisoflavone, m. p. 322— 
323°. Treatment of the latter compound with excess of diazomethane gave the dimethyl ether, 
m. p. 170—171°. The above authors gave somewhat lower m. p.s for these compounds. 

7: 4’-Dihydroxy-2-methylisoflavone (0-89 g.), when refluxed with acetic anhydride (20 ml.) 
for 2 hours, gave the 7: 4’-diacetate, needles, m. p. 193-—-194° (1-0 g.) (from alcohol) (Found : 
C, 68-1; H, 4-7. CypH,¢O, requires C, 68-2; H, 4:6%). 

7-A cetoxy-4'-methoxy-2-methylisoflavanone.—-7-Acetoxy-4'-methoxy-2-methylisoflavone (0-78 
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g.), platinum oxide (0-117 g.), and glacial acetic acid (50 ml.) were shaken under hydrogen at 
1 atm. for 0-5 hour, 1 mol. being absorbed. After removal of catalyst and acetic acid (in vacuo), 
7-acetoxy-4'-methoxy-2- methylisoflavanone was obtained as needles, m. p. 176—178° (0-21 g.) 
(from alcohol) (Found: C, 70-15; H, 5-4. C,gH,,0,; requires C, 69-9; H, 5-6%). 

7-Acetoxy-4’ -methoxy -2-methylisoflavan - 4 -ol.—7 - Acetoxy -4’- methoxy - 2-methylisoflavone 
(1-62 g.), platinum oxide (0-36 g.) and glacial acetic acid (100 ml.) on full hydrogenation gave, 
as above, solvated 7-aceioxy-4’-methoxy-2-methylisoflavan-4-ol, needles (0-76 g.), m. p. 88—-89° 
(from alcohol). This lost alcohol of crystallisation 7m vacuo at 88° and then melted at 112 
113° (Found, on compound, m. p. 88-—89°: loss, 12-35, 12-2. Cj, 9HO0;,C,H;°OH requires 
12-3. Found: on compound, m. p. 112—113°: C, 69-4, 69-6; H, 5-9, 5-8; Ac, 12-4. 
C,)9H,,0; requires C, 69-5; H, 6-1; Ac, 13-1%). 

7 : 4’-Diacetoxy-2-methylisoflavanone.—7 : 4’-Diacetoxy-2-methylisoflavone (1-0 g.), platinum 
oxide (0-20 g.) and glacial acetic acid (60 ml.) were shaken with hydrogen as before, and 7: 4’- 
diacetoxy-2-methylisoflavanone (0-33 g.) was obtained having m. p. 157—158° (from alcohol) 
(Found: C, 67-95; H, 5:1; Ac, 23-9. C,.9H,,0,4 requires C, 67-8; H, 5-1; Ac, 243%). 

This (0-15 g.), alcohol (10 ml.), and sulphuric acid (2 ml.) were refluxed for 2 hours, affording 
7: 4’-dihydroxy-2-methylisoflavanone, needles (18-3 mg.), m. p. 266° (from aqueous alcohol) 
(Found: C, 70-7; H, 5-3. C,,H,,O, requires C, 71:1; H, 5:2%). 

7: 4’-Diacetoxy-2-methylisoflavan-4-ol.—7 : 4’-Diacetoxy-2-methylisoflavone (1-37 g.), under 
the above conditions, eventually absorbed slightly more than two mols. of hydrogen After 
filtration and removal of acetic acid 7m vacuo, the residue crystallised from alcohol, giving the 
isoflavanone (0-22 g.). The mother-liquors were evaporated, and the residue dissolved and 
chromatographed in benzene on alumina (40 g.). The benzene eluate (0-23 g.) and the 1: 9 
ether—benzene eluate (0-25 g.) were viscous liquids, but the 1 : 4 ether—benzene eluate (0-16 g.), 
on addition of light petroleum and a var — of alcohol, yielded prisms of 7 : 4’-diacetoxy-2- 
wag an-4-ol, m. p. 189° (Found: C, 67-4; H, 5:8. CygH9O, requires C, 67-4; H, 5:7%) 

: 4’-Dimethoxy-2-methy + li i : 4’-Dimethoxy-2-methylisoflavone (1-71 g.), platinum 
euilie (0-48 g.), and glacial acetic acid (100 ml.) were shaken with hydrogen until the uptake of 
hydrogen was very slow, then set aside under hydrogen overnight. On working up in the usual 
way and crystallisation from alcohol yellowish granules, m. p. 126—127° (0-44 g.), separated. 
A second crop (0-18 g.), m. p. 110—150°, separated from the soatient: liquors and on repeated 
crystallisation from acetone gave 7: 4’-dimethoxy-2-methylisoflavanone, needles, m. p. 158° 
(36-2 mg.) (Found : C, 72-6, 72:7; H, 5:8, 6-1; OMe, 21:2. C,,H,,O, requires C, 72:5; H, 6:1; 
OMe, 20-8%). <A further quantity (m. p. 151—156°) of this compound was obtained from the 
mother-liquors. It showed strong absorption in the infra-red at 1680 cm. as expected from a 
carbonyl group conjugated with the benzene nucleus. 

7: 4’-Dimethoxy-2-methylisoflav-3-en.—(a) The compound, m. p. 126—127°, obtained in 
the last experiment, after one crystallisation from alcohol and one from benzene-light 
petroleum gave 7 : 4’-dimethoxy-2-methylisoflav-3-en, prisms, m. p. 128° [Found: C, 76-65; H, 
6-4; OMe, 23-0°,; M (Rast), 259, 261. C,,H,,O, requires C, 76-6; H, 6-4; OMe, 22-0% 
M, 282-3). 

(b) 7: 4’-Dimethoxy-2-methylisoflavone (1 g.) in benzene (30 ml.) was added dropwise to 
refluxing ether (30 ml.) containing lithium aluminium hydride (1 g.), and the solution refluxed 
for 3 hours. It was then filtered and cooled, and cold dilute sulphuric acid (50 ml.) added 
cautiously. The benzene-ether layer was washed with water and dried (CaCl,). The semi- 
solid mass (0-925 g.) obtained on evaporation formed pale yellow prisms, m. p. 127° (0-152 g.), 
from alcohol. Sublimation at 130—140°/4 mm. gave a colourless product, m. p. 128°, 
undepressed by the sample obtained by procedure (a). 

2-Ethyl-4’-methoxy-7-propionoxyisoflavone.—2 : 4-Dihydroxyphenyl p-methoxybenzyl ketone 
(2 g.), sodium propionate (2 g.), and propionic anhydride (15 ml.) were refluxed for 16 hours, 
poured into water, filtered, and washed with water. 2 rye 4’-methoxy-7-propionoxyisoflavone 
formed prisms, m. p. 122° (1-58 g.), from alcohol (Found : C, 71-6; H, 5-5; OMe, 9-4. C,,H» 0; 
requires C, 71-6; H, 5-7; OMe, 8-8%%). 

2-Ethyl-7 : 4’-dihydroxyisoflavone.—2-Ethyl-4’-methoxy-7 . og Syne (1-35 g.) was 
refluxed with ener acid (23 ml.) for 3 hours, yielding 2 -ethyl-7 : 4’-dihydroxyisoflavone as 
rhombic prisms, m. p. 278—279°, from alcohol (Found: C, 72-8; H, 50. Cy,H,4Oq requires 

Case 72:3; H, 5-02 

2-Ethyl-4’ one dle 7-dipropionoxyisoflavone.—p-Methoxybenzyl 2: 4: 6-trihydroxyphenyl 
ketone (Baker and Robinson, /., 1926, 2717) (2 g.), sodium propionate (2-5 g.), and propionic 
anhydride (15 ml.) were heated at 180—185° for 17 hours. They afforded 2-ethyl-4’-methovry- 
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5: 7-dipropionoxyisoflavone, prisms, m. p. 150° (1-52 g.) (from alcohol) (Found: C, 68-4; H, 
5-9. C,,H,,O, requires C, 67-9; H, 57%). 

2-Ethyl-5: 7-dihydroxy-4’-methoxyisoflavone.—The dipropionoxy-compound (0-5g.) was refluxed 
with 0-5N-sodium carbonate (120 ml.) for 3 hours; almost all dissolved. The solution was 
filtered and acidified, and the solid (0-3 g.) collected. 2-Ethyl-5 : 7-dihydroxy-4'-methoxyiso- 
flavone formed needles, m. p. 228—229°, from 50°, methanol (Found: C, 69-25; H, 5-1. 
C,3H,,O, requires C, 69-2; H, 5:2%). 

2-Ethyl-5 : 7: 4’-trihvdroxvisoflavone._—The dipropionoxy-compound (0-55 g.) and hydriodic 
acid (10 ml.) were heated at 150° for 2§ hours and poured into water. 2-Ethyl-5: 7: 4’-iri- 
hydroxyisoflavone (0-38 g.) formed rhombs, m. p. 244—245°, from 30°% alcohol (Found: C, 
68-8; H, 4:7. C,,H,,O; requires C, 68-4; H, 4:7%). This compound, similarly obtained 
from 2-ethyl-5 : 7-dihydroxy-4’-methoxyisoflavone, had m. p. 244—245°, undepressed on 
admixture with the sample described above. 

7: 4’-Dimethoxyisoflavanone.—This compound, prepared by Anderson and Marrian’s method 
(loc. cit.), formed prisms, m. p. 125—126° from alcohol (Found: C, 71:9; H, 5-5. Cale. for 
C,,H,,.0,: C, 71-8; H, 5:-7%). The presence of a carbony! group was confirmed by the infra- 
red absorption spectrum, which showed a strong band at 1678 cm.~! in chloroform solution. 

7: 4’-Dimethoxy-4-methylisoflav-3-en.—7 : 4’-Dimethoxyisoflavanone (1-0 g.) in dry benzene 
(50 ml.) was added to a solution of methylmagnesium iodide [from magnesium (0-17 g.) and 
methyl iodide (1-6 g.) in ether (20 ml.)], the ether distilled off, and the mixture refluxed for 
4 hours. After decomposition with 10% hydrochloric acid, the benzene layer was washed with 
water, dried (CaCl,) and evaporated. The residue (1-007 g.) solidified and formed needles 
of the flaven, m. p. 124—125°, when crystallised from alcohol and then from acetone (Found: 
C, 76:7; H, 6-3; OMe, 20-4. C,,H,,0, requires C, 76:7; H, 6:4; OMe, 220%). 

4-Ethyl-7 : 4’-dimethoxyisoflav-3-en.—7 : 4’-Dimethoxyisoflavanone (0-84 g.) in dry benzene 
(30 ml.) was added dropwise to ethereal ethylmagnesium iodide (10 ml.) [from magnesium 
(0-23 g.) and ethyl! iodide (1-8 g.)]. The mixture was distilled to remove most of the ether and 
then refluxed for 16 hours. On cooling, 10° hydrochloric acid (100 ml.) was added, and the 
benzene layer separated, washed with water, twice with 10° aqueous sodium hydroxide, again 
with water, and dried (CaCl,), and evaporated. The pale yellow oil (0-8 g.) distilled at 194°/2 mm. 
and afforded needles of 4-ethyl-7 : 4’-dimethoxyisoflav-3-en, m. p. 81—82°, from alcohol (Found : 
C, 77-1; H, 6-7. C,.H,.O; requires C, 77:0; H, 6-8%). 

7: 4’-Dimethoxyisoflav-3-en.—7 : 4’-Dimethoxyisoflavanone (1:23 g.), platinum oxide 
(0-098 g.), and glacial acetic acid (100 ml.) were shaken with hydrogen for 17 minutes, 1-25 mols. 
of hydrogen being absorbed. The product, separated in the usual way, formed flakes of 7: 4’- 
dimethoxyisoflav-3-en, m. p. 155—156°, from benzene. Another crystallisation from benzene— 
alcohol raised the m. p. to 160—161° (50-6 mg.) (Found: C, 76-1; H, 6-1; OMe, 22-4. 
C,;H,,O03 requires C, 76-1; H, 6:0; OMe, 23-19%). The mother-liquors deposited a further 
quantity of the zsoflaven and also a compound, m. p. 115—116°. 

7: 4’-Dimethoxyisoflavan.—The combined mother-liquors from the last experiment were 
evaporated to dryness and the residue (1-04 g.) was dissolved in glacial acetic acid (60 ml.) ; 
platinum oxide (0-2 g.) was added and the mixture shaken in hydrogen until no more was 
absorhe The product, separated in the usual way, formed plates, m. p. 90—104° (0-2 g.), 
fromalc ol. Two more crystallisations from alcohol gave pure 7 : 4’-dimethoxyisoflavan, m. p. 
106—107°. Repeated crystallisation from alcohol of the solid from the above mother-liquors 
gave needles, m. p. 112—113°, which when mixed with the plates previously obtained melted at 
108—110°. The compound appears to be dimorphous (Found: C, 75-6; H, 6-7; OMe, 22-6. 
Calc. for C,;H,,0,: C, 75:5; H, 6:7; OMe, 23-0%). Anderson and Marrian (loc. cit.) describe 
it as white crystals, m. p. 112-5—114°. 

5: 4’-Dihydroxy-7-methoxvisoflavone.—5 : 7: 4’-Trimethoxyisofiavone (4:15 g.), hydriodic 
acid (35 ml.), and acetic acid (10 ml.) were refluxed for 4 hours. They gave needles, m. p. 236— 
237°. After three more crystallisations from alcohol the m. p. was raised to 241—-242° (Found : 
C, 67-5; H, 4:5; OMe, 10-5. Calc. for C,,H,,0,: C, 67-6; H, 4:3; OMe, 10-99%). Finnemore 
(Pharm. J., 1910, 1V, 31, 604) gives the m. p. of prunetin as 242°. 

5:7: 4'-Trimethoxyisoflavanone.—5 : 7: 4’-Trimethoxyisoflavone (3-12 g.), platinum oxide 
(0-097 g.), and glacial acetic acid (70 ml.) were shaken with hydrogen for 5 minutes, 1 mol. of 
hydrogen being absorbed. The product isolated as before formed needles of 5 : 7 : 4’-trimethoxv- 
isoflavanone, m. Pp. 153° (2-2 g.) (from alcohol). Further crystallisation from alcohol and benzene 
raised the m. p. to 156—157°, depressed on admixture with 5: 7: 4’-trimethoxyisoflavone 
(Found: C, 68-9; H, 5:8; OMe, 29-5. Calc. for C,,H,,0;: C, 68-8; H, 5-8; OMe, 29-6%) 
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Narasimhachari and Seshadri (Proc. Indian Acad. Sci., 1952, A, 35, 202) record m. p. 146—147° 
for this compound (padmakastein dimethyl ether). The 2: 4-dinttrophenylhydrazone formed 
red flakes, m. p. 227°, from acetic acid (Found: C, 58-25; H, 4:4; N, IL-l. C.H,,0,N, 
requires C, 58:3; H, 4:5; N, 11-3%). 

The authors are indebted to Dr. D. H. Curnow and Mr. J. D. Biggers for the biological 
assays, to Professor Wilson Baker for samples of apigenin and 5:7: 3’: 4’-tetramethoxyiso- 
flav-2-en, to Dr. A. R. H. Cole and Mr. R. L. Werner for the infra-red spectra, to Mr. E. G. 
McRae for calculating the oscillator strengths from the ultra-violet spectra, and to Sir Robert 
Robinson for the hospitality of the Dyson Perrins Laboratory for some months. 
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180. The Oxidation of Ethylene and Propylene in the Gas Phase. 
3y J. H. BuRGOYNE and R. A. Cox. 


The products of reaction of ethylene and propylene with air have been 
studied in a flow system, particular attention being given to propylene. The 
oxidation of propylene in a Pyrex tube at and above atmospheric pressure 
shows the “‘ negative temperature coefficient ” previously observed with the 
paraffins, and the survival of intermediate products has been examined in 
relation to this effect. In a mild steel tube intermediates fail to survive and 
the system of reaction at low temperature disappears. With increasing 
pressure, however, these features are progressively restored. 

The results extend those of Lenher and of Newitt and Mene under other 
conditions of temperature and pressure but are consistent with them. The 
present work shows that most of the ethylene or propylene which reacts 
generally appears in the products as higher olefins. 


StupIEs of the gas-phase oxidation of olefins have been concerned primarily with ethylene. 
Newitt and Mene (J., 1946, 97) examined the products of oxidation of propylene at high 
pressure, and Lenher (J. Amer. Chem. Soc., 1932, 54, 1830) reported some experiments on 
its oxidation in a flow system at normal pressure. The main purpose of the work now to 
be described was to study the products formed from propylene under conditions inter- 
mediate between those employed in the two earlier investigations, and thus to complete a 
general picture of the products obtainable from propylene by homogeneous reaction with 
oxygen. Preliminary results with ethylene are also reported for comparison with those of 
Lenher (J. Amer. Chem. Soc., 1931, 58, 3737, 3752) which were obtained under somewhat 
similar conditions. , 
EXPERIMENTAL 

Materials.—The ethylene used in these experiments was supplied by the British Oxygen 
Company, in cylinders. An analysis by standard techniques showed 99-5% of olefin, the re- 
mainder being mainly nitrogen. The gas was used without further treatment, except that in 
same experiments it was passed over zinc chloride to remove traces of aldehyde. 

Propylene was obtained by dehydration of isopropanol from American sources. Its vapour 
density indicated a molecular weight corresponding to pure propylene, and exhaustive fraction- 
ation failed to reveal any higher hydrocarbons. The gas was completely absorbed by standard 
olefin reagents. It was used without further purification. 

Other reagents used were of standard analytical quality. 

Apparatus and Method.—The apparatus was similar to that used by Burgoyne and Silk 
(J., 1951, 572) for the flow-oxidation of methylcyclopentane. In addition to the Pyrex glass 
reactor, however, a mild-steel reactor of similar size, with a stainless-steel preheater tube, was 
also used. With both reactors certain experiments were carried out at elevated pressures and 
these necessitated special arrangements for the control of flow. 

In order to facilitate both the preliminary exploration for suitable reaction conditions and 
the control of runs for analytical purposes, an oxygen indicator was constructed, by means of 
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which it was possible to observe directly the oxygen content of the outlet gases. The instrument 
employed the polarographic method and was similar to that described by Wise (Chem. and Ind., 
1948, 37) but with the modified absorption cell illustrated in Fig. 1. Except when a reading 
was being taken, the gaseous products bubbled through the solution of potassium chloride 
containing methyl-red via the sintered-glass disc. When a reading was being taken the gas was 
allowed to by-pass the bubbler. 

Methods of Analysis.—Vacuum distillation. For the qualitative analysis of some of the 
reaction products a modified vacuum-distillation apparatus based on Stock’s design was used. 
By this means materials boiling in the range —100° to + 80° could be separated and the vapour 
pressure and molecular weight of the separated fractions determined directly. 

Quantitative analysis. The condensed products were dissolved and diluted to standard 
volume in alcohol which had been refluxed for 6 hours over sodium hydroxide and then dis- 
tilled through a 20-in. column. The solvent was neutral to indicators and gave no aldehyde 
colour with Schiff’s reagent. Portions of the solution were taken for the following determinations. 

Total acids. The solution was titrated with 0-1N-sodium hydroxide (phenolphthalein or 
thymolphthalein). 

Formic acid. The solution was made slightly alkaline with sodium hydroxide, evaporated 
to dryness and heated at 110° for 1 hour to remove volatile matter. Excess of 10% sulphuric 
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Fic. 1. Polarograph absorption cell. 


acid was added and organic acids were distilled off. The distillate was diluted to standard 
volume, and to aliquot portions excess of sodium carbonate solution was added. The formate 
was treated with a slight excess of 0-1N-potassium permanganate. A measured excess of 
0-1N-sodium oxalate was added, and the solution acidified with sulphuric acid and warmed to 
60°. The remaining oxalate was titrated with permanganate. The equivalent of the formate 
was found by subtracting that of the oxalate from the total permanganate titre. 

Total aldehyde. Ripper’s method (Monatsh., 1900, 21, 1079) was chiefly used. 

Formaldehyde. This was determined colorimetrically with Schiff’s reagent and 10% of 
sulphuric acid. The results were high if formaldehyde amounted to less than 30% of the total 
aldehyde, but otherwise satisfactory. 

Acetaldehyde. Toa portion of the solution containing about 0-1 mg. of acetaldehyde, 1 ml. 
of 10% alcoholic piperidine was added and the mixture diluted to 50 ml. Solutions for com- 
parison were made up similarly from 1% or 0-1% acetaldehyde solution. To sample and 
standards were added simultaneously 5 ml. of freshly-prepared 1° sodium nitroprusside solution 
and after 1 min. colours were compared. The blue-green colour was fugitive. Formaldehyde 
did not interfere but propaldehyde caused results to be high to the extent of about 5% of the 
propaldehyde present. 

Peroxide. Excess of 20% potassium iodide was added to the solution contained in a stop- 
pered flask. The air in the flask was displaced with carbon dioxide and 10% sulphuric acid run 
in, together with a few drops of ferrous sulphate solution. After 1 hour the liberated iodine was 
titrated with standard thiosulphate. 

Olefinic bonds. A measured excess of 0-1N-potassium bromate containing excess of bromide 
was added to the solution, which was then cooled to 0° and treated with 10 ml. of 10°, sulphuric 
acid. After 30 min. at 0° excess of potassium iodide was added and the liberated iodine titrated 


with thiosulphate. 
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The difference between the titre and that of a blank carried out simultaneously was equiva- 
lent to the olefinic bonds in the initial solution. 

Gases. The gas sample was analysed in a Bone-Newitt apparatus, potassium hydroxide 
being used for carbon dioxide, alkaline pyrogallol for oxygen, mercuric perchlorate for olefins, 
and ammoniacal cuprous chloride for carbon monoxide. Hydrogen and saturated hydrocarbons 
were estimated by explosion of the residue with excess of oxygen. 

The reagent for olefins was prepared by mixing 150 g. (95 ml.) of 60% perchloric acid with 
45 g. of mercuric oxide and adjustment to 300 ml. with water. The reagent was kept for 24 
hours and filtered if necessary. It was rapid and clean in use, giving full absorption up to 100% 
olefin in one operation. No precipitate was formed, since mercurous perchlorate is soluble in 
water. 

RESULTS 

Oxidation of Ethylene.—The experiments with ethylene were all done in the Pyrex glass 
reactor. First, the relation between temperature and mean time of residence necessary for 
reaction to begin in a 2: 1 ethylene-air mixture was determined, with the results shown in 
Fig. 2. The onset of reaction was detected by the first appearance of aldehyde in the outlet 
gases, as indicated by periodic Schiff’s tests. Even at long residence times the reaction does not 
begin much below 290°. 

Preliminary runs with the 2 : 1 ethylene-air mixture at 500° yielded (a) a pale yellow aqueous 
condensate in the 0° trap, and (b) a mixture of colourless aqueous condensate with a yellow 
non-aqueous material in the —78° trap. The aqueous fractions contained acids (formic and 
acetic), aldehydes (formaldehyde and a little acetaldehyde), peroxide, alcohol, and traces of 
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ethylene glycol and ethylene oxide. The non-aqueous condensate appears to correspond to 
material obtained under similar conditions by Lenher (loc. cit., 1931). The initial b. p. was 
20° and the fractions separated by distillation through a 20-in. column are shown in Table 1, 


TABLE 1. Products of fractional distillation of 50 ml. of non-aqueous condensate formed by 
reaction of 2: 1 ethylene-air mixture at 500° c (mean residence time, 6 sec.) 

Frac- Boiling Alde- — Ole- Frac- Boiling Alde- 

tion range, Volume, Mol. hyde, fin, tion range, Volume, Mol. hyde, 

no ; o/ % : ba % 
20—! 2: ones 73—80 “f 9: ~ 
30- “ ; - 3 = 80-1002: “te 
40—: 2: 38 : 60 9 100—110 
50—6 2.: ; ret 110—120 
: 60—68 2+{ 7 — 11 = =120—130 

6 68—7: . § 22 30 
together with the results of determinations of molecular weight, total aldehyde, and olefinic 
bonds in certain cases. Owing to inadequate condensation there were considerable losses of 
material from the lower fractions, which were white, intensely lachrymatory liquids. The 
fractions boiling above 80° were increasingly yellow, and the fraction above 110° condensed to a 
white odourless solid. 

The observed properties of the fractions suggest that they consisted of saturated and un- 
saturated hydrocarbons and aldehydes. The smell and lachrymatory characteristics may be 
attributed to the unsaturated aldehydes. The solid fraction showed few positive reactions and 
it was concluded to be the cyclic polymer of formaldehyde, trioxan (b. p. 110°). 

In further runs under similar conditions the products were analysed as fully as possible and 
carbon balances drawn up. Some 60% of the carbon which had apparently reacted was un- 
accounted for in the products. This discrepancy could most easily be explained on the assump- 
tion that some of the olefinic gas in the products measured by absorption and counted as ethyl- 
ene, was in fact propylene which had passed the —78° trap. This deduction was verified by 
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explosion analysis of a known volume of the olefin constituents. In Table 2 the complete 
analysis of the reaction products is shown, and it will be seen that the carbon balance is reason- 
ably good considering the complexity of the mixture. 


Mean residence time, 3 sec.; ethylene passed in, 394 g.; ethylene in outlet gases, 330 g.; ethylene 
reacted, 64 g. 
Products estimated, expressed as equivalent percentage of reacted ethylene :-— 


TABLE 2. Products of the complete reaction of a 2:1 ethylene-air mixture at 515° c. 


Carbon monoxide 17 higher aldehydes 1:3 C, olefins 
carbon dioxide 1:0 formic acid 0-2 C, and higher hydro- 
formaldehyde propylene 7 carbons 


Oxidation of Propylene in Pyrex Glass.—Preliminary etforts to survey the conditions for the 
onset of the reaction between propylene and air by the use of the aldehyde detection method were 
unsuccessful because propylene itself, when in saturated aqueous solution gave a faint colour 
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with Schiff’s reagent, even after being washed with sodium hydrogen sulphite solution. In ¢on- 
sequence, the polarographic oxygen indicator was developed so as to give rapid readings oi the 
oxygen content of the gaseous products and thus indicate the extent of reaction at any moment. 

A propylene-air stream of fixed composition was passed through the reaction system at a 
constant rate of mass flow. The temperature of the system—initially cold—was slowly raised 
and, at intervals, corresponding readings of temperature and oxygen percentage in the outlet 
gas were noted. The observations were made up to 600°, whereafter the system was allowed to 
cool slowly and readings were continued until reaction ceased entirely. 

By this means the curves shown in Figs. 3—5 were derived. The reproducibility of the 
results was surprisingly good. Those in Fig. 3 refer to a 2: 1 propylene—air mixture and show 
the variation in extent of a reaction as the temperature is raised for different rates of flow. 
Fig. 4 shows behaviour under the same conditions as the temperature is lowered. Fig. 5 shows 
the effect of increasing temperature on the extent of reaction for different propylene: air ratios 
when the flow rate is constant. 

The most noteworthy features of Figs. 3—5 are as follows: (1) The negative temperature 
coefficient of reaction velocity in the range 400—500°. (2) The “ step’’ in certain curves at 
about 450°. (3) The “‘ hysteresis ’’ effect in the relation of rate to falling temperature. This 
is only partly explicable in terms of thermal lag in the reaction system and lag in operation of 
the polarograph; and it appears that there is a true lag in the effect of falling temperature on 
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reaction velocity which may be associated with the part played by the surface in initiating re- 
reaction. (4) The long reaction periods at about 500°, compared with those for ethylene. At 
lower temperatures reaction periods for propylene are also long, but ethylene does not react in 
this range. 

The products of reaction of a 2: 1 propylene—air mixture with 100-sec. residence time (see 
Fig. 3) at 400° (peak of low-temperature reaction), 450° (‘‘ step ’’’ in decay of low-temperature 
reaction), 485° (minimum reaction rate), and 590° (typical high-temperature reaction) were 
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Fic. 5. Variation in extent of reaction with 
rising temperature for various propylene— 
air mixtures at a constant flow rate (residence 
time of 100 sec. at 20°). 
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then examined. Products of the reaction of the same mixture at 402° with 130-sec. residence 
(maximum low-temperature reaction) were also examined in a very long run which gave sufficient 
product for more detailed analysis. The results obtained from all these representative reactions 
are summarised in Table 3. 


TABLE 3. Products of reaction of a 2:1 propylene-air mixture (in Pyrex glass). 
Contact time, sec. at 20° c 100 100 100 130 
Temp., °c 450 485 590 402 


% carbon as : 
unchanged C,H, 89 88 87 
0-9 0-2 
0-5 0-4 
; 0-9 0-6 
CH,CHO si aa 
acid (as HCO,H) ce trace trace 
C, hydrocarbons 4 4-2 15 
C,; hydrocarbons a 
peroxide Se trace nil 
deficiency 2- 4-0 8-2 
% oxygen as: 
unchanged O, 2 42 52 3-4 
CO p 13 18 
13 19 
56 5: 9-2 
MEME onsncSavasckys sau abeeoesrakcsseckesassenss — — - —< 
peroxide trace trace i nil 
acid trace 0-5 
26 2i 51 
To complete the work in the Pyrex glass reactor experiments were made with a 2: 1 propyl- 
ene-air mixture reacting at increased pressures and a residence time of 100 sec. (measured at 
20°). The reaction-temperature curve (with ascending temperature) obtained at 1160 mm. by 
the use of the polarograph is included in Fig. 3. It shows the usual low- and high-temperature 
reaction zones but at lowered temperatures. The initial reaction commences at about 280°. 
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Products were examined at the peak of the low-te:nperature reaction curve at 760 mm. 
(402°), 1160 mm. (370°), and 1520 mm. (310°). The results are summarised in Table 4 (cols. 
1—3) and show very similar amounts of reactants consumed in the three cases. 

Oxidation of Propylene in Steel.—It was not considered safe to use the glass reactor above 2 
atm. abs., and experiments were continued in the steel apparatus up to 4-5atm. abs. Reaction- 
temperature curves for the 2: 1 propylene—air mixture at 100-sec. residence are shown in Fig. 5. 
At atmospheric pressure, the low-temperature reaction is not in evidence, and the reaction 
curve is something like that in Pyrex glass with much shorter residence times, except that 
reaction sets in some 100° lower. At higher pressures reaction sets in about 300° and accelerates 


Fic. 6. Variation in extent of reaction 
with rising temperature for 2:1 
propylene—air mixture at various 
pressures (vesidence time of 100 
sec. at 20°; steel reaction vessel). 

A, 4:5 atm. abs. 
B, 3 atm. abs. 
C, 1 atm. abs. 
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rapidly with rising temperature, but there is no indication of the 
cient ’’ at, higher temperatures. 

Further observations at atmospheric pressure with a descending reactor temperature showed 
that the “ hysteresis ”’ effect persisted in the steel vessel. 

The products from experiments at 1 and 4 atm. abs. in which there was a reasonable amount 
of reaction at low temperature, are shown in Table 4 (last 2 cols.). 


negative temperature coeffi- 


TABLE 4. Products of reaction of 2:1 propylene-air mixture in Pyrex glass at \W)-sec. 
residence time (measured at 20° c) and various pressures. 
Pressure (absolute) . 1160 mm 1520 mm. 1 atm.* 4 atm.* 
Temp., °c ‘ 310 ‘ 345 
% carbon as: 
unchanged C,H, 


C,; hydrocarbons 

C, hydrocarbons bo = -— J 

acid . race trace nil ¢ 
deficiency 1-6 excess 3 


C, hydrocarbons . . 5 
“8 4: trace 


% oxygen as: 
unchanged O, . 


: trace 
higher aldehyde (as CH,-CHO) b 9-1 
acid 2: race | nil ¢ 
deficiency (incl. H,O) f 59 


* In a steel reaction vessel. Acid and peroxide 


DISCUSSION 

Ethylene.—The present results invite comparison with those obtained by Lenher in 
his single-pass flow apparatus. Using ethylene : oxygen ratios similar to our own, Lenher 
conducted his experiments at lower temperatures but with longer residence times, so that 
the extent of reaction in the two cases is similar. 

In contrast to Lenher we have found in the products: (1) a considerable proportion 
of higher olefins, especially propylene; (2) aldehydes, including formaldehyde, but no 
ethylene oxide; (3) a higher ratio of formaldehyde to formic acid; and (4) a higher ratio 
of carbon oxides to liquid products. With the exception of (4), these changes were also 
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observed by Lenher when, in his recirculation experiments, reaction temperatures up to 
600° were employed. 

In the investigation of Newitt and Mene a 2:1 ethylene—air mixture was again em 
ployed, but the use of high pressures allowed the reactions to be conducted at relatively 
low temperatures. The reaction vessel was constructed of stainless steel. Under these 
conditions considerably more ethylene reacted than in our experiments, but the ratio 
CO: CO, was smaller, The liquid products, which included ethylene glycol, contained 
more formic acid and acetaldehyde relative to formaldehyde than we found. The most 
striking feature of the results of Newitt and Mene was however the high proportion (60 
90°.) of ethylene consumed which was not accounted in the products. The ratio of H : ¢ 
in the missing material was generally about 2 and the obvious inference, in the light of the 
present work, is that it consisted chiefly of higher olefins. 

Propylene.—Spontaneous ignition pressure-temperature limits for propylene~air 
mixtures containing up to 6% of the hydrocarbon have been determined by Kane and 
Townend (Proc. Roy. Soc., 1937, A, 160, 174) using a stainless-steel reaction vessel. Above 
about 500° ignition pressures increase smoothly with increasing temperature, but a point 
of inflection appears in the relation between 500° and 450°. In this range the present 
results, which refer to considerably richer mixtures reacting at atmospheric pressure in 
Pyrex glass, show a minimum overall reaction rate. The minimum disappears with weaker 
mixtures, but there is a general diminution in reactivity in this direction and, as Kane and 
Townend show, the ignition pressure also rises. It appears from our own results (Fig. 5) 
that maximum reactivity is reached at about the 67% propylene—air mixture. The more 
reactive mixtures show a maximum reaction rate at about 400°, but at higher pressures 
this temperature appears to fall and, one may suggest, tends towards the optimum tem- 
perature for cool flame formation found by Kane and Townend. The present work reveals 
also a tendency to a subsidiary rate-maximum at about 450°. This may be associated with 
a subsidiary lobe in the cool-flame limit of the type discussed by Malherbe and Walsh 
(Trans. Faraday Soc., 1950, 46, 835). The results observed are in accord with the view of 
these authors that the variations in rate of reaction of hydrocarbons with oxygen in the 
low-temperature range are explicable in terms of the varying point of attack by oxygen on 
the initially formed hydroperoxide to initiate chain branching. From propylene we should 
expect to get at first the peroxide CH,:CMe-O,H. The favoured point of attack by 
oxygen would be the methylene group and to such a reaction may be attributed the prin- 
cipal peak in the reaction rate at about 400°. The embryonic peak at a somewhat higher 
temperature may denote parallel attack on the methyl group. At a higher temperature, 
or in the presence of an oxidised ferrous surface, the initial peroxide is decomposed as 
rapidly as it is formed and before there is time for appreciable attack by oxygen. In these 
circumstances the resultant branching reaction does not appear. Increase in pressure, 
however, even in the presence of an oxidisable surface, restores reaction at low temperature. 
rhe rate curves do not however reveal whether this reaction is of the same kind as that 
observed in Pyrex glass. 

The analytical results given in Table 3 show that detectable amounts of peroxide survive 
when the low-temperature reaction is vigorous but not at temperatures above 450°. The 
survival of formaldehyde and carbon monoxide is favoured by rapid reaction in either 
temperature range, but especially the lower. A feature of the results is the appearance ol 
considerable proportions of higher hydrocarbons in the products. In the Pyrex glass 
reactor, their survival is favoured by rapidity of reaction and by increase of pressure. 

In the mild steel reactor the survival of intermediate products is greatly suppressed. 
It appears that the oxidisable ferrous surface promotes destructive oxidation of the oxy- 
genated intermediates to carbon dioxide and water. It will be noted that with stainless 
steel, neither Lenher (with ethylene) nor Newitt and Mene (with ethylene and propylene) 
found such profound effects. To some extent however the destruction of intermediates, 
and presumably of the low-temperature combustion system, is offset by increase in pressure, 
whereby the concentration of gas molecules relative to the surface area is increased. Evi- 
dently the higher hydrocarbons are less easily attacked in the presence of oxidisable 
surface than are the aldehydes, with the consequence that their survival benefits the more 
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from the pressure increase. It will be noted too that the ratio CO: CO,, which falls off 
greatly when mild steel is substituted for Pyrex, is somewhat restored at the higher pressure. 

In Newitt and Mene’s experiments at still higher pressures and lower temperatures, 
rather greater proportions of oxygen were used. The tendency was, however, for rather 
less propylene to be oxidised, with the consequence that higher yields of oxvgenated 
intermediates were obtained, including propylene oxide, propylene giycol, and glycerol in 
addition to the products found in the present work. As with ethylene, the substantial 
deficiency in their carbon balances was probably due chiefly to the higher hydrocarbons 
which, as our results show, can account for quite half of the propylene reacting. 


We are indebted to the Distillers Company Limited for sponsoring this work. We have had 
the advantage of several discussions with members of the Company’s Research and Development 
Department, particularly in connection with the polarographic oxygen indicator 
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181. The Mechanism of Hydrolysis of Acid Chlorides, Part I11.* 
The Effect of p-Substituents in 95°,, Aqueous Acetone. 


By D. A. Brown and R. F. Hupson. 


The rate of hydrolysis of p-substituted benzoy! chlorides has been followed 
in acetone and dioxan solutions containing 5°4 of water by volume, and 
activation energies have been determined. The reactions proceed almost 
exclusively by the bimolecular S,2 mechanism, with a rate order similar to 
that observed in the alcoholysis. The variable PZ factor and the change 
in rate order with increasing water content are attributed to a tendency to 
react by the Syl mechanism. This is particularly significant in the case of 
chlorides containing electron-releasing groups, and the close analogy with the 
tendency to ionise in sulphuric acid is discussed. 


THE effect of substituents on the rate of alcoholysis of benzoyl chloride has been investig- 
ated in detail by Norris et al. (J. Amer. Chem. Soc., 1939, 61, 141, and previous papers) 
and by Branch and Nixon (tbid., 1936, 58, 2499) and has been the subject of much theor- 
etical discussion (e. g., Hughes, Trans. Faraday Soc., 1941, 37, 613; Baker, tbid., p. 632). 
Although the results are in general agreement with the bimolecular Sxy2 mechanism (in 
particular, para-substitution, see Branch and Nixon, /oc. cit.), close examination of the 
results of Norris, Fasce, and Staud (J. Amer. Chem. Soc., 1935, 57, 1420) and Norris and 
Young (tbid., p. 1420) reveals the difficulty in interpreting the rates consistently; ¢.g., no 
complete explanation of the relative rates of solvolysis of benzoyl chloride substituted in 
ortho-, meta-, and para-positions with halogens, alkyl and nitro-groups has been given. In 
particular, the very high reactivities of di-o-alkyl-substituted chlorides are difficult to 
explain in terms of the Sy2 mechanism when it is realised that in the case of the benzyl 
halides this same effect is taken to indicate the occurrence of the alternative Syl mechanism. 
Furthermore, a completely different rate order has been observed in the hydrolysis of 
para-substituted benzoyl chlorides in 50°, aqueous acetone (Olivier and Berger, Rec. Trav. 
chim., 1927, 46, 609; 1930, 49, 697). 

For these and other reasons it has been suggested that a change in mechanism is possible 
in solvents of high polarity when one or more electron-releasing groups are incorporated in 
the benzoyl chloride molecule (Hughes, loc. cit.; Hudson and Wardill, J., 1950, 1729). As 
the hydrolysis has so far been studied only in 50°, aqueous acetone, it seemed desirable 
to ascertain whether this rate order prevails in solvents of lower water content. If there is 
a tendency for acid chlorides to react by the Syl mechanism under suitable conditions 
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(which hitherto has been considered as most unlikely owing to the strong electromeric 


/™ 
effect of the carbonyl group, C—O), the rate order should change to that observed in the 
alcoholysis in a medium of sufficiently low water content. The present results show that 
the reversion in order is almost complete in 95° aqueous acetone (Table 1). In addition, 


Paste 1. The effect of solvent changes on the relative rates of solvolysis of p-substituted 
benzoyl chlorides. 
Dielectric Relative velocity constants : 
Medium const. N Cl CH; CH,O 
40% EtOH + 60% Et,O 12-% 32 2° 2 0-47 0-25 
EtOH 25- . 0-70 0-81 
5%, H,O + 95% COMe, 22-5 3! “ ia 0-55 0-60 
50% H,O + 50% COMeg......... 51 “ 9: 0-85 2-9 ~30 


with the exception of anisoyl chloride, the rate ratios are close to the corresponding values 
in 40% alcohol in ether, which is a clear indication that the reaction is proceeding by the 


same mechanism in the two cases. This conclusion is reintorced by an examination of the 
parameters of the Arrhenius equation in relation to the structural changes in the molecule. 


Fic.1. Relation between velocity Fic. 2. Relation between the 
constant and _ dissociation velocity constant and the 
constant of the corresponding Hammett parameter for 
benzoic acid. substituted benzoyl chlorides. 
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The results given in Table 3 show that the velocity constants are governed primarily 
by the activation energy, which decreases regularly as the velocity constant increases. It 
is seen, however, that the temperature-independent factor PZ increases considerably 
with the activation energy, as in the alcoholysis, which is characteristic of many reactions 
of this type (Fairclough and Hinshelwood, J., 1937, 538, 1573). Before this relationship is 
discussed further, the change in velocity constant with changes in significant physical 
properties will be investigated. 

The generalised treatment of the variation in the velocity constant & with a continuous 
change in a parameter related directly to the changing structure of the molecule (see 
Glasstone, Laidler, and Eyring, ‘‘ Theory of Rate Processes,’’ New York, 1941, 464) is based 
on the general equation of the absolute rate theory k = (kT /h)e~*“P", whence 

log. k = log, - aT Ea dy 
This leads to the empirical equations of Bronsted and Hammett (‘‘ Physical Organic 
Chemistry,’’ New York, 1940, 186), if 3AG/8y is assumed to be constant. In the present 
case it is found that both equations are obeyed satisfactorily. Fig. 1 shows the relation 
between the velocity constants k and the dissociation constant K of the related benzoic 
acid, in accordance with the Brunsted relation, log k = const. + const. x log K. The 
Hammett relation is usually written in the form log k, = eo + log k,,, where the subscript 
s refers to the substituted, and « to the unsubstituted molecule. The substitution para- 
meter o( = dy) is a constant for a given substituent, irrespective of the molecule in which it 
is introduced or the nature of the reaction. Fig. 2 shows that log & is linear with o, with 
the exception of the value for anisoyl chloride. Hammett has explained his equation in 
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terms of potential-energy changes alone, and has shown that its derivation involves the 
assumption that AS does not change with the substituent. The values of log PZ given in 
lable 3, however, show that in the case now considered, this is by no means true. This 
relation may be applied to a wide series of reactions with considerable success, where in 
many cases the entropy of activation changes considerably with substitution. 

This apparently fortuitous agreement may be examined further, on the principles laid 
down by Hinshelwood, Laidler, and Timm (_/., 1938, 848). These workers showed that in 
substitution reactions where electrostatic forces exert a controlling influence, a substituent 
affects the rate by affecting the density of charge at the seat of the reaction, which is 
reflected primarily in the activation energy. The parameter yx represents an intensity 
factor which in this instance may be associated with the electric field strength at the re- 
action centre. Hence, according to the treatment of Hinshelwood e¢ al., a change in x 
should cause a proportional change in E. This relationship is demonstrated by the ap- 
proximately linear relation between activation energy and moment of the substituted 

Fic. 3. Relation between the activation 
energy and dipole moment of the 
substituted group (data of Maxwell 
and Partington, J., 1936, 1175). Fic.4. Relation betucen activation 
energy and collision frequency 
for the hydrolysis of substituted 
f benzovl chlorides. 
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group (Fig. 3), which is related directly to the change in charge density at the central carbon 
atom, 

If therefore a regular change in the intensity parameter x with substitution causes a 
proportional change in activation energy, the quantity 8AG/8y is constant if (a) AS is 
constant or zero or (#) AS is a linear function of E, as in the present case (Fig. 4). Ham- 
mett’s treatment (of. cit.) deals fully with the first condition, and the second will now be 
examined briefly. 

A functional relation between the PZ factor and activation energy has been observed 
in various rate processes, and in particular in several reactions involving pseudo-ionic 
transition states (Fairclough and Hinshelwood, /oc. cit.; Timm and Hinshelwood, J., 1938, 
862). In other reactions of this type, however, the PZ factor in a given solvent is insen- 
sitive to structural changes, although the value of P may be either extremely low (~10™°) 
or of the order of unity. The first class include typical Sy2 reactions, e¢.g., the benzoyl- 
ation of amines (Williams and Hinshelwood, /., 1934, 1079) and the reaction between 
substituted anilines and methyl iodide (Laidler, /., 1938, 1786). On the other hand, 
reactions proceeding by the Syl mechanism are usually associated with high P factors, as 
shown by the values calculated from the collected data of Grunwald and Winstein (J. 
Amer. Chem. Soc., 1948, 70, 846) given in Table 2. Only the values for solvents with a 
polarity comparable to that of those used in the present investigation have been considered. 
In addition, Nixon and Branch (ibid., 1936, 58, 492) have observed that the PZ factors are 
almost independent of the nature of the substituted group in the alcoholysis of triaryl- 
methyl chlorides, the values again being high (~10%). It is noteworthy that the velocity 
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changes in the hydrolysis of ethyl! halides are due to changes in the PZ factor (Hughes and 
Shapiro, J., 1937, 1177). 


PasLe 2. Parameters of the Arrhenius equation for hydrolyses proceeding by the Sx\ 
mechanism. 
Temp. Solvent 108%, sec.~! 
BuC]l 
BubBr ; ms 95% Pr: 
CHPhMe:Cl - f af 
CHPh,C! .... _ 


These facts suggest that, in a given solvent, the greater the PZ factor the greater is the 
tendency for the halide to react by the Syl mechanism. It is becoming widely recognised 
that there is no sharp boundary between Syl and Sy2 processes, but rather that a gradual 
change from one extreme to the other obtains. This interpretation is explicit in Hinshel- 
wood, Laidler, and Timm’s treatment (loc. cit.), and has recently been supported by Win- 
stein et al. (J. Amer. Chem. Soc., 1950, 73, 2700) and by Swain and Langsdorf (thid., p. 2813). 
Hence if bond-making influences predominate over the bond-breaking process, the reaction 
will exhibit Sy2 characteristics from the point of view of the effect of substituents. If the 
other process predominates, the reaction will exhibit Syl characteristics, although it may 
still be sensitive to alkali unless the bond-making process makes an insignificant contri- 
bution to the activation energy. 

The results given in Table 3 show that the PZ factor increases considerably from the 
p-nitro- to the p-methoxy-compound, which value approaches the lower values given in 


TABLE 3. 
10°5k,,, sec. 105ks,, sec.! 105%5;, sec.! E, kcal./mole logy PZ 
experiments in aqueous acetone. 
6°39 
6-67 
6°57 
5:58 
5:43 


531 


Experiments in aqueous dioxan: values of 10°4,5, sec.~!. 
2-57, 2°71, 2-64 R = 3:44, 3:56, 3-56, 3-29 


PABLE 4. The effect on the rate order of replacing acetone by dioxan. 
Dielectric 10°%,,., sec. 
Solvent const. p-CH,O p-CH, 
95% Acetone ......... 22:3 2-92 2-69 


95% Dioxan 3°§ 2-64 3:46 


Table 2, for Syl processes. On the above interpretation, therefore, this change is due to a 
considerable change in the structure of the transition state leading to a more highly ionised 
form in the case of anisoyl chloride. This conclusion is supported by the change in rate 
order with water content. This is due to the considerable differences in the effect of solvent 
on the rate of hydrolysis of the various chlorides. Thus as the polarity of the solvent in- 
creases, the rate of solvolysis of the chlorides containing electron-releasing groups is affected 
to a much greater extent than the rates of the other chlorides. An increase in the water 
content of the acetone solution from 5 to 50°, by volume causes a 12-7-fold increase in the 
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rate of hydrolysis of the p-nitro-compound, whereas the rate of the reaction with anisoyl 
chloride increases ca. 2000 fold. 

hese values may be compared with the values given by Hughes and Ingold for the 
solvent effect on Syl and Sy2 reactions (J., 1936, 225; 1940, 925): for a change in solvent 
from 80°, to 60°, of ethyl alcohol in water, the rate of hydrolysis of methyl and ethyl 
bromides is approximately doubled, showing that the rate is approximately proportional 
to the water content. The more extensive data of Bird, Hughes, and Ingold (/., 1943, 
255) for the hydrolysis of n-butyl bromide in methyl alcohol-water mixtures are in agree- 
ment with these figures, and show that the rate increase is of the order of 8—10 times on 
changing the solvent from 95 to 50% of alcohol by volume. 

Although the effect of solvent on reaction velocity is by no means clearly understood, 
these observations substantiate the view that the polarity of the transition state increases 
considerably from the p-nitro- to the #-methoxy-compound, owing to an increase in charge 
separation in the C-Cl bond. This view is also supported by the observation that the 
replacement of ace.u..e by dioxan causes an increase in the rate of hydrolysis of p-toluoyl 
chloride and the unsubstituted chloride, but a decrease in the rate of hydrolysis of anisoyl 
chloride, following the decrease in dielectric constant (Table 4). 

The order of reactivities in 50°4 aqueous acetone, with the exception of the value for 
the nitro-compound, is identical with that of the benzyl chlorides in the same solvent 
(Bennett and Jones, J., 1935, 1515). Although the hydrolysis of benzyl chloride is known 
to proceed mainly by the Sx2 mechanism in this solvent, it is usually considered to react by 
the Syl mechanism in more aqueous solvents. The above considerations suggest, there- 
fore, that the tendency for the benzoyl chlorides to react by the Syl mechanism is at least 
as pronounced as with the benzyl chlorides, in agreement with the hydroxyl-ion effect 
recorded previously (Hudson and Wardill, Joc. cit.). This conclusion is in agreement with 
recent work on the production of benzoyl ions in concentrated sulphuric acid, which shows 
that the stability of the acyl ion is very sensitive to structural changes; e.g., the existence 
of the stable 2 : 4: 6-trimethylbenzoyl cation has been realised for some time (Treffers and 
Hammett, /. Amer. Chem. Soc., 1937, 59, 1708), but later work (Kuhn and Corwin, 7b2d., 
1948, 70, 3370) suggested that the free f-methoxybenzoyl ion may also be formed, but 
subsequently react with sulphuric acid to give the acyl sulphonate, and Gillespie (/., 
1950, 2997) has shown that benzoic and acetic anhydrides readily give rise to the corre- 
sponding ions. On the other hand, electron-attracting groups inhibit this ionisation, and 
consequently there is a complete parallel between these ionisations and the tendency for 
Sxl hydrolysis discussed above. 


EXPERIMENTAL 

The solvent and substituted chlorides were prepared and purified as described previously 
(J., 1950, 1729). Owing to the relatively slow rates of reaction in 5°% aqueous solution, the rates 
can be followed conveniently by titration with alkali. The reaction mixture was prepared in 
each case by pipetting 50 ml. of water into a graduated flask and adding purified solvent up to 
1 1.; in each experiment 100 ml. of solvent were contained either in stoppered bottles or in a 
specially constructed flask with a fitted pipette for the faster runs. The chloride was either 
weighed directly into the reaction mixture or delivered from a small pipette fitted with a ground- 
glass joint to fit into a vessel containing the sample of pure chloride, to give a 0-02N-solution. 

5-Ml. samples were withdrawn at convenient intervals and run into 50 ml. of pure acetone 
to stop the reaction. These solutions were titrated against standard 0-02N-sodium hydroxide, 
lacmoid being used as indicator. When the hydrolysis of p-nitrobenzoy1 chloride was followed, 
each 5-ml. sample was delivered into 50 ml. of acetone cooled to --30° to --40°. The results are 
ummarised in Table 3, R being the substituent. 
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182. The Mechanism of Hydrolysis of Acid Chlorides. 
Part IV.* Salt Effects. 
By B. L. Arcuer, R. F. Hupson, and J. E. WARDILL. 


The effect of salts on the rate of hydrolysis of benzoyl chloride has been 
studied in acetone-water mixtures containing 5—33-3 vol. °4 of water, at 
25°. It is found that common-ion salts have no effect on the velocity of 
reaction, whereas other salts have a considerable effect in the less aqueous 
olvents, but no effect in the 33% aqueous solution. These results are in 
agreement with the bimolecular Sy2 mechanism of the hydrolysis, since non- 
common ion salts increase the rate by an ionic replacement reaction to give a 
benzoyl derivative which hydrolyses more rapidly than benzoyl chloride. 
The results obtained on the addition of common-ion salts show that the ionic 
strength of the medium has no effect on the rate of hydrolysis. 


THE rates of substitution reactions are usually dependent on the solvent used, and to a 
lesser extent on the presence of added salts. The influence of the former on the hydrolysis 
of benzoyl chloride in aqueous acetone is very large (see Archer and Hudson, /., 1950, 
3259). Further useful information on the nature of the transition state may be obtained 
from a study of the much smaller salt effects. 

A comprehensive study of the effects of salts on the kinetics of hydrolysis of halides 
which react by the unimolecular Syl process was made by Bateman, Hughes, Ingold, and 
Taher (J., 1940, 979). Because of the preliminary rate-determining ionisation, RC] => 
R* ++ Cl, involving considerable separation of charge in the alkyl halide, neutral salts 
increase the velocity considerably. In addition, common-ion salts exert a retarding 
influence due to mass action, which in some cases predominates over the positive ionic- 
strength effect, particularly when the cation is relatively stable (e.g., CHPh,Cl). These 
general conclusions have been substantiated experimentally by use of the ¢ert.-butyl and 
the diphenylmethyl! halides. Similar observations were made in the hydrolysis of benzyl 
chloride by Beste and Hammett (J. Amer. Chem. Soc., 1949, 71, 2481), although in this 
case the increases in rate on the addition of neutral salts were attributed to specific attack 
by the anion on the halide in a replacement reaction. This treatment has recently been 
developed quantitatively by Hackett and Thomas (7bid., 1950, 72, 4962). 

The benzoyl chlorides are known to react largely by the bimolecular Sy2 process, 
particularly in solvents of relatively low water content (Brown and Hudson, Nature, 1951, 
167, 819), although a tendency to react by the ionisation mechanism in highly aqueous 
media has been noted (Archer and Hudson, Joc. cit.). It is highly probable, however, that 
in the solvent range employed in the present investigation (<33-3°, of water by vol. in 
acetone), the unsubstituted chloride reacts mainly by the Sy2 process. The ionic-strength 
effect should be less in this reaction owing to the diffuse distribution of charge in the more 
complex transition state (see Hughes, Trans. Faraday Soc., 1941, 37, 632). In addition, 
as the proton and chloride ion are ejected simultaneously, common-ion salts cannot exert 
the mass-action effect as in Syl reactions, and should therefore only exert an ionic-strength 
effect. Non-common ions may react directly with the halide in an exchange reaction, so 
that if the product hydrolyses more rapidly than the original halide a further increase in 
the rate of hydrolysis may also be obtained. 

The results obtained in the present work are in partial agreement with these predictions 
(see Table 1) and may be summarised as follows: (i) Common-ion salts have no effect on 
the rate in either of the two solvents used. (ii) The rate in 15°, aqueous acetone is affected 
to different extents by equal concentrations of potassium nitrate and lithium bromide. 
(ili) The rate increase with neutral salts is very sensitive to changes in the solvent 
composition, so that potassium nitrate has no effect in 33-3°% aqueous acetone solution. 

It is proposed to treat these results on the basis of the two alternative mechanisms, and 
show that the Syx2 process is supported much more strongly than the Syl mechanism. 


* Part III, preceding paper. 
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Kirst, if the reaction is taken to be unimolecular, the absence of a common-ion salt 
effect may conceivably be due to the exact opposition of ionic strength and mass-law 
effects. The observations of Bateman ef al. (loc. cit.) show that this condition obtains in 
the hydrolysis of diphenylmethyl chloride and bromide. This explanation is, however, 
improbable in the present case, for chlorides have no effect on the rate as the solvent is 
changed. Although the two effects could well be equal in a particular solvent, this balance 
would be disturbed as the solvent composition is varied. 

The effect of inert salts may be examined by attributing the increases to the ionic- 
strength effect alone, and comparing theoretical and experimental values of the rate as the 
solvent is changed at constant salt concentration. This has been carried out by using the 
equation derived by Bateman ef al. (loc. cit.), viz., (In Ry/Rg)/ (In ky/kg) = (DgT3)?/(D,T,)?, 
where #, and &, are the velocity constants in two solvents at a constant salt concentration, 
and &» is that in an infinitely dilute solution. That no correlation exists between the 
experimental and calculated values in the present case is evident from Table 1 (cols. 3 and 
4). Hence it is probable that the ionic-strength effect is not the major cause of the 
increased velocities. 

TABLE 1. 
Rate increases, % 


Calculated : ¢ 


Solvent x [onic strength Exchange ¢ 
0-02N-KNO, . ais 15% H,O 
33-39 H,O 
15% H,O 
0-028N-LiBr 10% H,O 43-0 * 
5% H,O 200 * 
* Calculated from initial rates. t See p. 890. 
+ Values in parentheses were used as a basis for the calculated values. 


As the reaction is probably proceeding by the alternative Sy2 process, the following 
series of reactions must be considered : 
Ry 
R:COCI + all oe R-COBr  Cl- 
2 


| ky | Rs 


¥ 
R:CO,H -+- Ht + CI- R-CO,H + H+ + Br- 


A formal solution of the appropriate rate equation cannot be obtained in this case, but an 
approximate treatment may be developed on account of the following experimental 
observations. (1) Benzoyl bromide is hydrolysed much more rapidly than the chloride, 
so that k, >». (2) When the observed salt effects are relatively small, and no deviations 
from a first-order law can be detected, k,>k,, so the steady state method may be 
employed. Hence 
Rate of reaction = k,[CgH,*COBr] +- &g[CgH;*COCI) 
and k,|/Br-](CgH;°COC]] = k,[C,H,-COBr][Cl-] + &[(CgH,-COBr] 
C,H,;°COBr} = &,[C,H,*COCI)[Br~}/(k, + &[CI7]) 
; , ‘ua kyk,{CgH;*COCI|[Br- 
Whence, total rate of reaction = kg/CgH,*COCI) +4 13-638 Y 
l 5 J kg ea ke{Cl 


The reaction follows a first-order rate law accurately only if kg > &,{Cl-}. This condition 
is realised by using either low concentrations of benzoyl chloride or high concentrations of 
water, because k, increases rapidly, whereas the velocity of ion—dipole reactions of this 
type usually decreases, with increasing water concentration (see Moelwyn-Hughes, 
“Kinetics of Reactions in Solution,” 1947, Chapter V). 

In the present case, direct determination of k, by studying the exchange reaction is 
impossible. For this reason the variation in k, over the same solvent range of an analogous 
process, the exchange of bromide ions with n-butyl bromide, has been utilised to assess 
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the relative rate increases given in Table 3. The following figures determined by Sugden 
and Le Roux (/J., 1939, 1279) were used in these estimations : 

Wate : peach cxegs 95 90 (85) (66-7) 

k obs ll 5 3°38 5 l 
It is seen from the estimated values given in Table I (col. 5), that the observed rate increases 
vary with solvent composition in a manner to be expected if the exchange reaction is the 
cause. Numerical agreement is not to be expected, although the effect of solvent is 
probably similar in the two exchange reactions. 

Hence, from the above discussion it is apparent that the observed rate increases are due 
entirely to the ion-exchange process, and that the reaction is not influenced by a primary 
salt effect due to the ionic strength of the medium. This conclusion is supported by the 
form of the rate curves in the presence of a non-common ion salt over the solvent range 
95-—66-7°%, acetone. In all cases below 90% acetone, no significant deviations from a 
first-order rate constant could be detected as illustrated by the results in Table 2. This 
case was chosen because the highest concentrations of reactants were used, so that any 
deviations would have been observed most clearly here. As the water content of the 

lic. 1. First-order plots for the hydrolysis of 
0-0150N-benzoyl chloride in 95°, aqueous 
acetone at 25° in the absence of salt (1), and 


in the presence of 0-0285N-lithium bromide 
(IT). 


Fic. 2. The effect of salt concen- 
tvation on the vate of hydrolysis 
of benzoyl chloride in 85% 
aqueous acetone at 25°: (1) 
KNOs,, (II) Libr. 
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medium decreases, however, considerable departures from the first-order law are observed. 
This is shown clearly in Fig. 1, where the salt effect is compared with the hydrolysis in the 
absence of salts. It is observed that in the presence of lithium bromide in 95°, aqueous 
acetone, the rate is initially very high compared with that of the hydrolysis alone. The 
rate decreases rapidly, however, owing to the mass-action effect of the chloride ions 


TABLE 2. 

Composition of solvent = 18-32% w/w or 15% v/v of water. Temperature of reaction — 25-00° + 
0-002°. Concentration of salt = 0-01996M-KNO,; resistance = 8567 ohms. Initial concentration of 
benzoyl chloride (a) 0-01542M. 

my, 10%, &, R,, 10°x,, 104%, t, R,, 10x, t,, Re. 105x,, 104k, 


ohms N sec. ohms N sec. } sec. ohms N sec. ohms N 
8420 79 2079 7220 782 1-498 739 7940 330 3130 6900 1016 
8400 3 2186 7180 809 1-495 795 7900 353 3213 6880 1030 
8360 ( 2298 7140 839 1-500 852 7860 376 3338 6860 = 1050 
8320 af 2419 7100 865 1-496 910 7820 399 3398 6840 1064 
8280 5 2480 7080 879 1-496 971 7780 422 3498 6820 1079 
8240 2545 7060 893 1-496 1033. 7740 446 3598 6800 1096 
8200 ( 2610 7040 910 ‘502 1097 7700 470 3701 6780 1112 
8160: 2678 7020 925 “508 1164 7660 494 8809 6760 11380 
8140 22: 2746 7000 942 508 1303. 7580 543 4045 6720 1159 
8100: 2817 6980 953 “502 1451 7500 594 43877 6670 1199 
8060 2 2888 6960 968 ‘502 1698 7380 673 4525 6650 1219 
8020 286 2965 6940 986 *512 1787 7340 698 4602 6640 227 
7980 308 3045 6920 1002 = 1-52) 
Mean value of 104% 1-510 +4+- 0-015 sec... 
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released, so that in time the rate approaches that of the hydrolysis in the absence of salt. 
In these cases, therefore, the increase in hydrolysis rate due to the addition of salt has to be 
determined from the initial rate. This gives an approximate value of the rate increase 
comparable with the values obtained for reaction in the more aqueous solvent, which is 
justified because the rate constant for the hydrolysis of the bromide is much greater than 
the increased rate estimated in this way. If the rate increases were due to an ionic-strength 
effect alone, the form of the rate curves would be expected to remain strictly of first 
order throughout the reaction in all solvents. 

The exchange mechanism predicts a linear relation between &, and the concentration 
of salt. The appropriate values are plotted in Fig. 2; this shows considerable deviations, 
which may be due to the following causes: (1) Incomplete ionisation of the salt in 
acetone-water mixtures. (2) Removal of water by hydration of the salt. (3) The decrease 
in k, with increase in ionic strength of the medium when the collision is assisted by the 
ion-dipole field. (4) The increase in the rate of the reaction between benzoyl chloride and 
anions so that the rate of formation and rate of reaction of benzoyl] bromide become of a 
similar order. This could not have a large effect on the rate, as deviation from first-order 
kinetics would be detected. 

In the absence of direct information, it must be concluded that the deviations noted in 
Fig. 2 are due to a combination of several of the above effects, of which (1) and (4) are 
probably the most important. 

EXPERIMENTAL 

Rate Measurements.—The rate of reaction was measured by following the change in 
resistance of the hydrolysing solution by the procedure described previously (Archer and 
Hudson, Joc. cit.). As the specific conductivities of the solutions containing added salts were 


nductivity cell used in salt- 


erperiments 


considerably greater than those determined previously, a more suitable cell was employed. In 
order to keep its size within reasonable limits, a design similar to that of Gold (Trans. Faraday 
Soc., 1948, 44, 506) was adopted (Fig. 3). The cell ABA contained two etched electrodes 4A, 
mounted in the same way as previously. The lower end had a side arm C sealed through the 
arm of a 100-ml. round, Pyrex flask D in which the reactants were mixed. In order to 
homogenise a solution in D, a saturated stream of nitrogen was passed through the cell from the 
saturating device. Cylinder nitrogen, after passing the combined manometer and release- 
valve H, travelled through the heater coil J into the saturator AK via the sintered-glass dise 1. 
The saturator was charged with the same solution as used in the actual hydrolysis. After 
saturation, the gas passed to the special tap .M, a 2-way oblique tap with two extra holes drilled 
in the plug. It could be set in 3 different positions apart from the completely sealed position. 
This tap enabled P to be connected to FR with Q connected to the atmosphere. In this position 
with tap S open, saturated gas passed through the reservoir T and then via the cell to bubble 
through the solution in D. The gas then escaped to the atmosphere via Q 

On turning of the tap through 90° a second hole came opposite Q but Ft was sealed off. This 
enabled the pressure in T to fall to nearly atmospheric. When the tap plug was turned through 
another 90° the connections shown in Fig. 3 were made with P connected to Q and RF sealed off. 
Pressure was thus built up in D so that liquid rose into the cell ABA. Apart from acting as a 
reservoir, T was also packed with glass-wool and moistened with the aqueous acetone solvent, 
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so as to ensure complete saturation of the gas used for stirring. ‘The whole apparatus including 
the taps was immersed in the thermostat to prevent condensation. Reaction was started by 
dropping benzoyl chloride from a pipette into the solution in D, and turning .V/ so that saturated 
nitrogen flowed through the solution in D, via taps P and R with tap S open. After the gas had 


PaB_e 3. Rate constants determined by titration experiments at 25°. 


Concn. of 10%, 100(k — ky) Concn. of 108k, 100(k — h,)/ 
Salt salt, N a sec} bo Salt salt, N a sec.-} Ry 


Solvent : 5% of water (v/v) in acetone. Solvent: 10% 


of water (v/v) in acetone. 


LiBr 0-0285 0-015 7 LiBr 0-030 0-031 2-20 43:8 
os 0-035 65 2 = 0-046 2°17 41-8 
0-054 4e Nil - ~- 1-53 — 


Nil 


TABLE 4. Velocity constants determined by conductivity experiments at 25°. 
Concn. of 100(& — hg)/ 
Salt salt a 104k, sec.-} Mean k 
Solvent : 15% of water (v/v) in acetone. 
KNO, . 0-0100 0-00832 0-34 0-05 
#1 by: 0-00962 3°36 0-05 
» 0-01656 32 0-05 
0-01996 0-01125 ‘ 0-05 
» 0-01542 : 0-05 
0-01333 0-01347 3:25 0-02 
» 0-01385 -25 0-02 
0-03125 001485 “ 0-05 
Ae 0-01258 3: 0-05 
a 0-01124 : 0-05 
0-04489 0-01701 
=f 0-02856 
» 0-03588 
0-02000 0-00805 
5 0-01578 
” 0-01738 
0-03712 0-00830 
0-00873 
0-01102 
33-33% of water (v/v) in acetone. 
0-00969 0-00541 
0-02000 0-01125 
s 0-01130 
i 0-01161 
0-02000 0-01243 aa " 14- 0-7 
en 14:10 ae 
bubbled through the solution for about 1 minute, the main cylinder valve was turned off, and P 
disconnected from FR, with Q still connected to the atmosphere. When no more bubbles issued 
from the jet in D, the tap M was turned so as to connect P with Q to enable the liquid to rise 
in B. Finally, as the liquid reached the middle of the capillary, S and M were turned off, 
the oscillator was switched on, and times were noted at which the resistance of the cell passed 
suitable pre-determined values. Calibrations were made for each set of reaction conditions by 
determining the resistance of solutions of the reaction products of known concentration 
containing the inert salt. 

The reactions in 95% and 90% aqueous acetone were sufficiently slow at 25° to be followed 
with accuracy by the titration method already described (preceding paper). The results of 
these experiments are given in Table 3. 

Purification of Materials —The acetone was purified and dried as in Part II (J., 1950, 3259) 
by Timmermans and Gillor’s method (Rocz. Chem., 1938, 18, 812) and the water was 
redistilled over alkaline permanganate; the specific resistances were ca. 2 x 107 and 
ca. 05 X 108 ohms/cm.%, respectively. The aqueous acetone solvents used were made by 

iirect weighing of the two components by use of the weight pipettes described before. The 
solvent composition is always referred to the volume percentage of one of the constituents. 

Technical benzoyl chloride, redistilled twice in an all-glass apparatus, had b. p. 198°. 
‘“ Analak ’’ potassium chloride and nitrate were recrystallised twice from conductivity water 
and dried at 150°. The purification of lithium chloride by recrystallisation is difficult owing 
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high solubility in water and its tendency to form supersaturated solutions. 50 G. of 
the crystallised salt were dissolved in the minimum volume of 75°, aqueous acetone at the 
b. p. of the solvent. The solution was filtered, saturated with hydrogen chloride at 0°, and kept 
in ice overnight. The crystals were filtered off and placed in a vacuum desiccator. To remove 
the remaining combined water, the lithium chloride hydrate was mixed with twice its own 
volume of “ AnalaR ’’ ammonium chloride which had been further purified by recrystallisation 
from conductivity water, and heated to fusion in a silica dish. The dry salt was kept over 
phosphoric oxide until required. Lithium bromide cannot be purified as satisfactorily as the 
chloride by this method. The technical bromide was purified by crystallisation twice from water 
and twice from absolute alcohol which removes the water of crystallisation. 

Results.—The complete data for a typical run in 15°, water solution containing potassium 
chloride are given in Table 2, the value of & being calculated by the same method as before to 
eliminate the zero-time correction, and minimise possible errors in a, the initial 
concentration of benzoyl chloride. The deviations from the average value of k 

1/(t, — t,)] log (a — %,)/(a@ — ¥) are seen to be small and random, so the reaction appears to 
be strictly of first order throughout its course. 

The rate values given in Table 3 were obtained from the initial rates of the hydrolyses 
followed by titration. In the case of the reactions in 90°, aqueous acetone solution, these 
values were checked by determining the initial slope of the log a/(a — x)-t graphs. The 
corresponding graphs for the experiments in 95°% acetone, however, had considerable inflexions 
in the early stages of the reaction, so the values given in Table 3 are only approximate. 

In all the conductivity runs the deviations from the first-order equation were extremely 
small. The rate constants given in Table 4 were therefore calculated from the first-order rate 
equation in all cases. 


to its very 
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183. 3:4-Benzoxanthens. Part I1I.* The Synthesis and 
Oxidation of 5-, 6-, 7-, and 8-Methyl-3 : 4-benzoxanthen. 


By Munir Ginpy and IBRAHIM M. DwIpar. 


Methyl-3 : 4-benzoxanthens are prepared by heating 2-(2-methoxy-%- 
methylbenzylidene)-1-tetralone with fused potassium hydrogen sulphate and 
sodium sulphate. Their structures are elucidated by oxidation to the known 
methyl-3 : 4-benzoxanthones (Part I 


3ADDAR and GINDY (/., 1951, 64; Nature, 1946, 157, 409) and Gindy (Nature, 1949, 164, 
577), who prepared 3: 4-benzoxanthen by the cyclisation of 2-o-methoxybenzylidene-1- 
tetralone (1; R = H) with potassium hydrogen sulphate and sodium sulphate at an 
elevated temperature, considered that the phenol (Il; R = H) was an intermediate. 
Attempts to cyclise 2-0-methoxybenzylidene- or 2: 6-di-o-methoxybenzylidene-cyclo- 
hexanone similarly gave resins that proved to be free from the benzoxanthen; this pointed 


HO CH, 
MeO 
R 
(1 (IIT) 
to the necessity for a double bond between C;,) and Cy.) in the alicyclic ketonic ring in (I), 
as is essential if the intermediate (as II) is to be aromatic. 
1-Tetralone and 2-methoxy-5-methylbenzaldehyde in 4°( alcoholic potassium hydr- 
oxide gave 2-(2-methoxy-5-methylbenzylidene)-l-tetralone (I; R = Me), which with 
* Part II, J., 1951, 1933 
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potassium hydrogen sulphate and sodium sulphate at 260—265° gave 7-methyl-3 : 4- 
benzoxanthen (III; R= Me). The benzoxanthen was readily oxidised by various 
oxidising agents (cf. Baddar and Gindy, J., 1951, 64) to the known 7-methyl-3 : 4-benzoxan- 
thone (Gindy and Dwidar, J., 1951, 1933). However, attempted oxidation of the methyl 
group to a carboxyl group by the usual reagents failed. Similarly, when bromine was 
added in carbon tetrachloride, a red crystalline (oxonium) compound was precipitated 
(cf. Collie and Tickle, J., 1899, 75,710; Kendall, J. Amer. Chem. Soc., 1914, 36, 1222) which 
dissolved slowly when the mixture was boiled in sunlight to give a monobromo-7-methyl- 
3: 4-benzoxanthone. 

5- and 6-Methyl-3 : 4-benzoxanthen were prepared similarly and their structures were 
proved by oxidation to the known ketones. The 8-methyl compound was also prepared. 


EXPERIMENTAL 

Microanalyses are by Drs. Weiler and Strauss, Oxford. 

2-0-Methoxybenzylidene- and 2: 6-Di-o-methoxybenzylidene-cyclohexanone.—A suspension of 
o-methoxybenzaldehyde (5-0 g.) and cyclohexanone (3-6 g.) in 4% aqueous potassium hydroxide 
(40 c.c.) was refluxed for 3 hours, left overnight, and then neutralised with acetic acid. The solid 
product, isolated by means of ether and distilled, gave: (1) a fraction, b. p. 165—168°/1 mm., 
which crystallised from methyl] alcohol to light yellow tetrahedral crystals of 2-o-methoxvbenzy- 
idenecyclohexanone, m. p. 80-—81° (4:2 g., 51%) (Found: C, 77-6; H, 7-3; OMe, 14:1. C,,H,,.O. 
requires C, 77-8; H, 7-4; OMe, 144%), giving a blood-red colour with concentrated sulphuric 
acid; (2) a fraction, b. p. 240—250°/1 mm., which crystallised from methyl] alcohol to yellow 
needles of 2 : 6-di-o-methoxybenzylidenecyclohexanone, m. p. 143° (1-1 g., 9%) (Found: C, 78-7; 
H, 6-7; OMe, 18-5. Cy,.H,,0, requires C, 79-0; H, 6-6; OMe, 18-6%). 

2 - (2’- Methoxy - 3’ - methylbenzylidene) - 1 - tetralone. — 2 - Methoxy - 3 - methylbenzaldehyde 
(Simonsen, J., 1918, 118, 777) (6-5 g., 1 mol.) and 1-tetralone (6-5 g., 1 mol.) were dissolved 
together in 4% alcoholic potassium hydroxide (20 c.c.). The solution acquired a dark blue 
colour and became hot. On being left overnight it deposited crystals. Acetic acid was added 
dropwise to neutralise the alkali, followed by a few drops of water to turbidity. The solution 
was cooled and the product was collected. Recrystallisation from methyl alcohol gave 2-(2’- 
methoxy-3'-methylbenzylidene)-1-tetralone, m. p. 85—86° (90%) (Found: C, 81-7; H, 6-6; OMe, 
9-8. C,,H,,O, requires C, 82:0; H, 6:5; OMe, 11-2%). 

2-(2-Methoxy-4-methylbenzylidene)-1-tetralone, prepared from 2-methoxy-4-methylbenzalde- 
hyde (Perkin and Weizmann, J., 1906, 89, 1652) and 1-tetralone, had m. p. 105—106° (yield, 
90%) (from methyl alcohol) (Found: C, 81-7; H, 6-4; OMe, 10-5%). 

2-(2-Methoxy-5-methylbenzylidene)-l-tetralone (I; R= Me), obtained from 2-methoxy-5- 
methylbenzaldehyde (Auwers, Annalen, 1915, 408, 241; Schotten, Ber., 1878, 11, 784) and 
1-tetralone, had m. p. 95—96° (from methyl alcohol) (yield, 91%) (Found: C, 81-4; H, 6-6; 
OMe, 11-1%). 

2-(2-Methoxy-6-methylbenzylidene)-1-tetralone, prepared from 2-methoxy-6-tolualdehyde 
(Chuit and Bolsing, Bull. Soc. chim., 1906, 35, 142) and 1-tetralone, had m. p. 75° (from methy] 
alcohol) (yield, 58%) (Found: C, 81:9; H, 6-4; OMe, 11-1%). 

7-Methyl-3 : 4-benzoxanthen (III; R = Me).—2-(2-Methoxy-5-methylbenzylidene)-1-tetral- 
one (6 g., 1 mol.) was added to a molten mixture of potassium hydrogen sulphate (13-5 g.) and 
anhydrous sodium sulphate (3-4 g.) heated in a boiling ethyl cinnamate bath. The mixture 
was thoroughly stirred at this temperature for 1 hr., after which it was poured into water (50 
c.c.). The organic material was extracted with ether and worked up as usual. The ethereal 
extract slowly deposited a light brown amorphous product (0-3 g.) which crystallised from 
benzene as colourless needles, m. p. 230°. It was oxidised with potassium permanganate in 
boiling acetic acid to 7-methyl-3 : 4-benzoxanthone, and was, most probably, the dimer thereof 
(cf., Baddar and Gindy, J., 1951, 64). The ether was evaporated off and the residual oil dis- 
tilled (b. p. 230—235°/5 mm.). The distillate crystallised from methyl alcohol as colourless 
crystals of 7-methyl-3 : 4-benzoxanthen, m. p. 97—98° (50%) [Found: C, 87-6; H, 55%; M 
(Rast), 247. C,,H,,O requires, C, 87-8; H, 5-794; M, 246]. It gave with pure dry picric 
acid in chloroform red needles of the picrate, m. p. 130—131° (yield, 95%). 

Other Methyl-3 : 4-benzoxanthens.—The 5-methyl derivative was prepared from the appro- 
priate methoxymethylbenzylidenetetralone in a boiling «-methylnaphthalene bath (50 min.). 
The product was extracted with ether and distilled at 180—200°/4 mm. The oily distillate 
obtained was dissolved in absolute alcohol and a small excess of picric acid was added, whereupon 
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fine red needles of the picrate separated. These were twice recrystallised from the same solvent, 
then decomposed with water, and the picric acid washed away and the product extracted with 
ether. The solvent was evaporated and the residue crystallised from light petroleum (b. p 
60—70°) as colourless needles, m. p. 95—96° (1-3 g., 29-59%) [Found: C, 88-0; H, 55%; M 
Rast), 230). It gave with pure dry picric acid in absolute alcohol red needles of the picrate, 
m. p. 131-——132°. 

Che 6-methyl compound, prepared as was the 5-methy! derivative, extracted with chloroform, 
and distilled at 120—130°/1L mm., crystallised directly from alcohol as colourless plates, m. p. 
99-—100° (45°,) [Found : C, 87-7; H, 5:6%; M (Rast), 214 With picric acid in chloroform 
it gave red needles of the picrate, m. p. 129—130°. 

The 8-methyl compound, prepared by cyclisation for 40 min. in an x-methylnaphthalene bath, 
was isolated by means of ether, distilled (195—200°/1 mm.), and crystallised from methyl 
alcohol in light olive-green plates, m. p. 95—96° (43%) [Found: C, 87-3; H, 5:-99,; AZ (Rast), 
216}. It gave in chloroform red needles of the picrate, m. p. 128—129°. 

Methyl-3 : 4-benzoxanthones.—Potassium permanganate (1-7 g.) in acetone (150 c.c.) and 
water (40c.c.) was added portionwise, with shaking, during 30 min. toa warm (35—40°) solution of 
7-methyl-3 : 4-benzoxanthen (2 g.) in acetone (150 c.c.) and water (40c.c.), and the mixture left 
for$hr. The reaction was strongly exothermic and the mixture was kept at the given temper- 
ature by cooling. The mixture was then acidified with one drop only of sulphuric acid, and sul- 
phur dioxide bubbled in to dissolve the inorganic precipitate. The acetone was evaporated oft 
and water added. The crystalline precipitate was washed and crystallised from acetone to 
give colourless needles of 7-methyl-3 : 4-benzoxanthone, m. p. 165-—166° alone or mixed with 
an authentic specimen (Gindy and Dwidar, Joc. cit.) (yield, 75°) [Found: C, 82-6; H, 4:6; - 
M (Rast), 251. Calc. for C,g,H,,0,: C, 83:1; H, 46%; M, 260). 

The 5- and the 6-methyl derivative, prepared and crystallised in the same way, formed 
needles (95—96°%, vields), m. p. 225—226° (Found: C, 83-5; H, 4:5°¢; AV, 297), and 172 
(Found: C, 82-8; H, 5-194; MM, 252) respectively, both undepressed on admixture with authen- 
tic specimens. 

The 8-methyl derivative, similarly prepared, crystallised from acetone as needles, m. p. 
185—186° (96%) (Found: C, 82-9; H, 5-0%; M, 287). 

Bromo-7-methyl-3 : 4-benzovanthone.—Bromine (0-9 g., 1 mol. in 30 c.c. of carbon tetrachloride) 
was added dropwise to 7-methyl-3 : 4-benzoxanthone (1-5 g., 1 mol.) in carbon tetrachloride 
75 c.c.) boiling in sunlight. Crimson-red crystals separated at once but dissolved after 15 
minutes’ refluxing which was then continued until the brisk evolution of hydrogen bromide 
ceased (about 1 hr.). On cooling, light yellow crystals separated which were collected, dried, 
and washed with sodium sulphite solution followed by water. Crystallisation from acetic acid 
gave x-bromo-7-methyl-3 : 4-benzoxanthone, colourless needles, m. p. 233° (73%) (Found: C, 63-6; 
H, 3-2; Br, 23-6. C,,H,,O,Br requires C, 63:7; H, 3-2; Br, 23-6% 
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184. p-Menthane-2: 3-diols. Part 1. The Hydroxylation of 
(+-)-cis- and (+)-trans- Menth-2-enes. 


By A. KILLEN MACBETH and W. G. P. ROBERTSON. 


+-)-trans- and ( +-)-cis-Menth-2-enes have been prepared and hydroxylated 
with osmium tetroxide and with peracetic acid. The use of osmium tetroxide 
apparently results in the formation of a single epimer in each case. Peracetic 
acid produces a mixture of the two possible trans-glycols from (--)-trans- 
menth-2-ene but one epimer predominates. The isolation of three glycols 
from the peracetic acid hydroxylation of (-+)-cis-menth-2-ene appears to be 
due to the presence of traces of (-+-)-menth-3-ene. 


VERY little has been recorded about the f-menthane-2: 3-diols: no attention has been 
devoted to their stereochemistry. The diols themselves become available by either of two 
principal methods, for diosphenol (I) may be reduced under different conditions, and the 
menth-2-enes may be hydroxylated by a variety of oxidising agents. 
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Kondakov and Bachtshiev (J. pr. Chem., 1901, 63, 49), by reduction of diosphenol 
with sodium and ethanol, obtained (+-)-menthol and two glycols, one of which was crystalline 
(m. p. 92°). Semmler and McKenzie (Ber., 1906, 39, 1160) by the same reaction also 
isolated the glycol mixture but were unable to confirm the production of (-+-)-menthol : 
and since permanganate oxidation of the glycol gave «-methyl-x’-/sopropyladipic acid 
(III) its structure as a #-menthane-2 : 3-diol (II) was established. 

CHMe 
OH F H,( CO,H 
:O \ H.C. /CO,H 
CHPt 
(I) (IIT) 


Cusmano and Boccucci (Gazzetta, 1923, 58, 649) also claimed to have isolated a mixture 
of two keto-alcohols together with crystals of what was probably a glycol when the product 
resulting from the hydrogenation of diosphenol in ether at ordinary temperatures in the 
presence of platinum black was fractionated. Walker and Read (J., 1934, 238) also studied 
the hydrogenation of diosphenol but did not report the formation of a glycol. 

The hydroxylation of (+-)-trans-p-menth-2-ene has been studied by Hiickel and his 
co-workers. Hiickel and Kummerle (J. pr. Chem., 1942, 160, 74) obtained a glycol fraction 
when the menthene was oxidised with lead tetra-acetate, and isolated a bisphenylurethane, 
m. p. 149—151°. They also prepared a bisphenylurethane, m. p. 83—85°, from a glycol 
mixture which had previously been obtained on oxidation of the menthene by perbenzoic 
acid followed by treatment of the oxide with perchloric acid (Hiickel, Tappe, and Legutke, 
Annalen, 1940, 537, 222). In no case were any of the glycols further examined. 

By reduction with sodium and ethanol of a 2-hydroxymenthone, obtained by hydrolysis 
of the 2-acetoxymenthone prepared by the acetoxylation of (—)-menthone with mercuric 
acetate, Treibs and Bast (Annalen, 1949, 561, 165) obtained a glycol, m. p. 92°, which was 
optically active. The identity of this glycol with that obtained by Kondakov and Bacht- 
schiev (/oc. cit.) from diosphenol by reduction with sodium and ethanol as suggested by 
Treibs and Bast (loc. cit.) is open to doubt as diosphenol is optically inactive. 

The stereochemistry of the /-menthane-2 : 3-diols is not too simple a question as owing 
to the presence of the four asymmetric carbon atoms eight epimers are possible, and these 
may occur in inactive or optically active forms. As the stereoisomerism of the menthols 
has been established (Zeitschel and Schmidt, Ber., 1926, 59, 2303; Read, Robertson, and 
Cook, J., 1927, 1276; Read and Grubb, J., 1934, 313, 1779; McNiven and Read, J., 1952, 
153) the configurations of the diols will be designated on the basis of that of the menthols, 
and the spatial arrangement of the 2-hydroxyl group relative to the 3-hydroxyl group of 
the parent menthol will be specified as c7s or trans. On this system the #-menthane-2: 3- 
diols are referred to as 2-hydroxymenthols. 

In considering the possibility of synthesising and characterising the 2-hydroxymenthols 
several stereochemically specific methods appear to be available. The hydroxylation of a 
suitable cyclohexene by peracids, for example, is likely to result mainly in the formation 
of the ‘rans-glycol (English and Gregory, J. Amer. Chem. Soc., 1947, 69, 2120), the hydro- 
lysis of the intermediate cis-epoxide involving a Walden inversion (Swern, Chem. Reviews, 
1949, 45, 51). On the other hand, hydroxylation by the action of osmium tetroxide has 
been shown to yield the cis-glycol alone (Criegee et al., Annalen, 1936, 522, 75; 1942, 550, 
99). 

The (-{)-cts- and trans-menth-2-enes do not appear to have been described previously. 
(-.)-cts-Menth-2-ene was prepared from (-+-)-isomenthol through the toluene-f-sulphonate, 
which was converted into the menthene on treatment with sodium ethoxide (cf. Hiickel 
and Wagner, Ber., 1941, 74, 662); (-|-)-tsomenthol was obtained by the catalytic hydro- 
genation of thymol in the presence of a nickel catalyst (Hiickel and Niggemeyer, Ber., 
1939, 72, 1357). (4-)-trans-Menth-2-ene was similarly derived from (-})-menthol. 

Oxidation of (-+-)-trans-menth-2-ene with osmium tetroxide (Cook and Schoental, /., 
1948, 170) gave an oil, but the work was necessarily carried out on too small a scale to 
permit rigid purification of the glycol. The oil readily yielded a di-f-nitrobenzoate, and 
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the ease with which the ester was purified suggests that oxidation with osmium tetroxide 
yields only one of the two possible cis-glycols. Since the oxidation takes place through 
the formation of a complex (IV) and since steric hindrance of the isopropyl group at Ci) 


Me—)? —Me Me Me— 
HO—2 HO— -—OH OH— 
HO— 3; HO- HO— r—OH 


= 
he 4—Pr Pr ——Pri L_pr 

LY; Py Pyridine (V) (VI) {VIT) (VIII) 
may be presumed to prevent appreciable formation of the neomenthol-diol, there appear 
to be reasonable grounds for assuming that the product is (-!)-cts-2-hydroxymenthol (V). 
Oxidation of (-)-c/s-menth-2-ene with osmium tetroxide also gave an oil, which similar 
considerations suggest is (-}-)-cés-2-hydroxyisomenthol (VI). The oil readily gave a 
crystalline di-p-nitrobenzoate. 

Attempts to hydroxylate the menthenes to diols with sodium chlorate in the presence 
of catalytic amounts of osmium tetroxide (Milas and Terry, J]. Amer. Chem. Soc., 1925, 
47, 1412; 1926, 48, 2647) failed. It is probable that oxidation proceeded beyond the 
glycol stage. Milas and Sussman (J. Amer. Chem. Soc., 1937, 59, 2345) obtained cts-cyclo- 
hexane-1 : 2-diol in 58°, yield from cyclohexene by hydroxylation with hydrogen peroxide 
in fert.-butanol with osmium tetroxide as catalyst : no pure glycol could be obtained from 
(-+)-tvans-menth-2-ene by this method, fractional distillation of the product yielding an 
oil which could not be crystallised but, judged by its high viscosity, may have contained 
some glycol; attempts to prepare a di-p-nitrobenzoate were, however, unsuccessful. 
The modified procedure of Cook and Schoental (J., 1950, 47) for hydroxylation with 
hydrogen peroxide with osmium tetroxide as catalyst was also unsuccessful with the 
menth-2-enes. Attempts to hydroxylate the menth-2-enes with potassium permanganate 
at ca. —40° also failed. 

Peracetic acid was selected for the hydroxylation of the menthenes instead of the per- 
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benzoic acid used by Hiickel, Tappe, and Legutke (/oc. cit.). With this reagent (--)-trans- 
menth-2-ene yielded a mixture of glycols as a very viscid colourless oil after hydrolysis of 
the intermediate monoacetates. The purified glycol obtained on fractionation could not 
at first be induced to crystallise, and so was converted into the di-f-nitrobenzoate. On 
hydrolysis of the ester, and extraction of the glycol with light petroleum (b. p. 40—60°) 
a crystalline glycol (A) separated, having m. p. 79°. In view of the evidence in favour of 
trans-hydroxylation by peracids (see above) this is either érans-2-hydroxymenthol (VII) or 
trans-2-hydroxyneomenthol (VIII), but at present it is not possible to distinguish between 
them. The pure glycol, m. p. 79°, gives a di-p-nitrobenzoate, m. p. 168°. A small amount 
of a second di-f-nitrobenzoate (m. p. 118°) was subsequently isolated, but the amount was 
insufficient to permit isolation of the pure glycol (B) on hydrolysis. 

As the configuration of the glycols obtained by the hydroxylation of (4-)-trans- and 
( | )-cis-menth-2-ene cannot be specified completely they will, for the present discussion, 
be referred to as glycol A, B, etc., as listed in the Table. 

Hydroxylation of (-)-cis-menth-2-ene with peracetic acid yielded a glycol mixture as 
a very viscid oil which when fractionally distilled under reduced pressure gave two fractions 
which partly crystallised. Esterification of portions of each of these fractions with p-nitro- 
benzoyl chloride gave a mixture of two esters separable by fractional crystallisation into 
di-p-nitrobenzoates, m. p. 166° and 152—153°. Fractional crystallisation of the two diol 
fractions from light petroleum yielded a glycol C, m. p. 78—-78-5°, which gave a di-p-nitro- 
benzoate, m. p. 137°, and a glycol D, m. p. 69°, which gave a di-p-nitrobenzoate, m. p. 
152—153°, identical with the similar ester obtained from the crude distilled glycol mixture. 
The residual glycol recovered from the light petroleum mother-liquors was a viscid cdlour- 
less oil which partly crystallised after several weeks ; draining, followed by recrystallisation, 
then gave a glycol E, m. p. 77°, whose di-p-nitrobenzoate, m. p. 166°, was identical with the 
similar ester previously obtained from the fractionated glycol. 

ON 
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The possibility that one of the three diols obtained above from ( +-)-cis-menth-2-ene 
is a eutectic seems remote, as all the esters isolated were very readily purified; and it 
seems more probable that the third glycol is derived from a menth-3-ene, present as an 
impurity in the menth-2-ene used. On this view glycol C is most likely to be derived from 
the menth-3-ene, as in the hydroxylation the diols C, D, and E were isolated in the ratio 
2:6:5. It appears that it is also difficult to obtain a pure sample of menth-3-ene as 
Hiickel, Tappe, and Legutke (doc. ctt.) have shown that what was previously regarded as 
pure (--)-menth-3-ene (Tschugaev, Ber., 1899, 32, 3332; Malcolm and Read, /., 1939, 
1037) contains some 30°% of (--)-menth-2-ene. It is therefore not surprising that a sample 
of hydrocarbon, obtained by nitrous acid deamination of (+ )-7somenthylamine and con- 
sisting largely of (+-)-menth-3-ene, also led after hydroxylation with peracetic acid to the 
di-p-nitrobenzoates of the three glycols C, D, and E: but the relative amount of the C-este1 
was in this case very much higher. The scanty knowledge of the menthane-3 : 4-diols is 
of no help in assigning such a structure to glycol C. Hock and Lang (Ber., 1942, 75, 308) 
claim to have prepared a 3 : 4-diol, b. p. 85°/0-4 mm., from the auto-oxidation products of 
(-+)-menth-3-ene, and Tanaka (J. Chew. Soc. Japan., 1932, 58, 668; Mem. Coll. Sct., 
Kyoto Univ., 1939, 22, A, 97) obtained a glycol, m. p. 75-——76°, when the hydrocarbon obtained 
by dehydration of (—)-menthol with alumina was oxidised by peracetic and perbenzoic 
acids and the oxides were hydrolysed : but the diols were not further characterised. 

The properties of the glycols obtained in the present work are summarised in the Table. 

Parent hydrocarbon Glycol M. p Di-p-nitrobenzoate, m. p. 

(+-)-trans-p-Menth-2-ene (-}-)-cts-2-Hydroxymenthol 163 
Glycol A 7$ 168 
Glycol B 118 
(-+-)-cis-p-Menth-2-ene (+-)-cets-2-Hydroxyisomenthol - 138 
Glycol C 788 137 
Glycol D if 152: 
Glycol E 166 


EXPERIMENTAI 

-)-trans--Menth-2-ene.—(-+-)-Menthyl toluene-p-sulphonate (70 g.) was added to a solution 
of sodium (23 g.) in dry ethanol (240 ml.), and the mixture heated on a steam-bath under reflux 
for 10 hours. Dilution with water (500 ml.) precipitated the crude menthene as an orange- 
coloured oil which was distilled with steam, and the hydrocarbon was extracted from the 
distillate with light petroleum (b. p. 40—60°). After drying (MgSO,) it was fractionally distilled 
twice under partially reduced pressure in nitrogen, the second time over sodium. (-+)-frans- 
Menth-2-ene was obtained as a fraction (19 g.), b. p. 69:-5—70°/130 mm., d? 0-8014, n7 1-4480, 
R,)p 46-14 (Calc. 45-71). The substance proved to be explosive on attempted analysis. 

Hydroxylation of (--)-trans-Menth-2-ene with Osmium Tetroxide.—Osmium tetroxide (1 g.) 
was dissolved in pure dry pyridine (0-6 g.)—benzene (25 ml.). After the addition of (-+-)-menth- 
2-ene (1 g., 100°, excess) the yellow colour of the solution rapidly darkened to a dark brown 
After being kept overnight at room temperature, the solvent was allowed to evaporate spon 
taneously, leaving a sticky brown residue which was shaken in chloroform with successive 
portions (30 ml.) of 1% aqueous potassium hydroxide containing mannitol (10%) until the 
alkali no longer acquired a pink colour and the chloroform solution appeared colourless. Re 
moval of the solvent under reduced pressure left a brown viscous oil (0-6 g.). Attempts to 
purify the crude glycol by distillation and sublimation under reduced pressure and by chromato 
graphy on activated alumina were unsuccessful. The crude glycol gave a di-p-nitrobenzoate 
(pale yellow needles from methanol), m. p. 163° (Found: C, 61-0; H, 5-1; N, 6-0. Cy,H..O,N, 
requires C, 61:3; H, 5:5; N, 61%) 

Hydroxylation of (-+-)-trans-Menth-2-ene with Peracetic Acid.—-Hydrogen peroxide (40 ml.; 
30°.) was added to acetic acid (160 ml.) and the mixture heated at 80° for 1 hour, and then 
cooled to 50°. (--)-trans-Menth-2-ene (14 g.) was added and the temperature maintained for 
50 hours. The acid solution was poured into water (1 1.), extracted with benzene (4 < 50 m1.), 
and the extract washed successively with dilute sodium carbonate solution and water. Drying 
(MgSO,) and removal of the solvent gave the mixed glycol monoacetates, which were hydrolysed 
forthwith under reflux for 2 hours with a solution of potassium hydroxide (12 g.) in water 
(30 ml). Continuous extraction of the product with ether for 8 hours, drying (MgSO,), and 
removal of the solvent gave the crude glycol (12 g.) as a pale yellow viscid oil 
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(a) The crude glycol (12 g.) was distilled under reduced pressure and the fraction (10 g.), 
b. p. 109—111°/1-3 mm., collected. The distilled glycol was a colourless viscid oil which 
showed no tendency to crystallise. The distilled glycol (20 g.) was converted into the di-p- 
nitrobenzoate with p-nitrobenzoyl chloride (50 g.) in dry benzene (50 ml.)—pyridine (20 ml.). 
After 24 hours the esterification mixture was worked up. Crystallisation of the crude product 
from absolute alcohol gave an ester (21 g.), m. p. 164—167°. This was hydrolysed, without 
further purification, under reflux for 4 hours with a solution of potassium hydroxide (20 g.) in 
methanol (150 ml.). After dilution with water (150 ml.) the methanol was removed in vacuo 
and the residue was continuously extracted for 8 hours with light petroleum (75 ml.; b. p. 
40-60). Overnight the extract deposited glycol A (4:5 g.) as needles, m. p. 79°. Concen- 
tration of the mother-liquer and cooling to 0° produced a further quantity (1 g.) of the same 
material. ecrystallisation of the glycol several times from light petroleum (b. p. 40—60°) 
did not affect the m. p. (Found: C, 70-0; H, 11-9. Cy HO, requires C, 69-8; H, 11-6%). 
The pure glycol gave a di-p-nitrobenzoate (pale yellow plates from ethanol), m. p. 168° (Found : 
C, 61-4; H, 5:7; N, 6-1. C,,H,,O,N, requires C, 61-3; H, 5:5; N, 60%). The pure ester 
(m. p. 168°) when mixed with the slightly impure ester (m. p. 164—-167°) from which the glycol 
was regenerated caused no depression of m. p. 

(6) The crude glycol (11 g.) from the hydroxylation of (-+)-trans-menth-2-ene (14 g.) with 
peracetic acid was fractionally distilled through a short column of glass helices and three fractions 
were collected : (i) oil (1-1 g.), b. p. 90—-100°/1-5 mm., (1i) viscous oil (5-7 g.), b. p. 105-——108°/1-5 
mim., (ili) viscous oil (3-5 g.), b. p. 112—114°/1-5 mm. Fractions (ii) and (iti) partly crystallised 
overnight after seeding with pure glycol from (a). Crystallisations of fraction (ii) from light 
petroleum (b. p. 40—60°) at —80° gave needles (2-1 g.), m. p. 76—78’, and (ili) also yielded the 
same product (0-8 g.). Recrystallisation of the combined samples from the same solvent gave 
pure glycol A (2-2 g.), m. p. 79°, identical with the product obtained in (a). The petroleum 
mother-liquors from the crystallisations of the glycol were combined and crude glycol was 
recovered (5:3 g.). Fractional distillation through a short column of glass helices gave fractions 
(iv) viscid oil (0-8 g.), b. p. 108—112°/0-7 mm., and (v) viscid oil (2-0 g.), b. p. 112°/0-7 mm. 
Distillation of the material washed from the helice column with ether gave (vi), a viscid oil 
(1-5 g.), b. p. 115°(bath)/0-1 mm. Distillation of the still residue from the fractionation gave 
(vii), a viscid oil (0-5 g.), b. p. 116—118°(bath) /0:-1 mm. None of the distillates could be induced 
to crystallise. The last four samples were esterified separately with p-nitrobenzoyl chloride 
(25°4 excess) in pyridine at room temperature for 72 hours. Fractional crystallisation from 
absolute ethanol of the diesters from (iv), (v), and (vii) yielded only the diester of glycol A 
(m. p. 168°) previously described. The mother-liquors from the crystallisation of the same 
diester from (vi) slowly deposited a small quantity (250 mg.) of diester (long needles), m. p. 
117°. Recrystallisation of this material from aqueous methanol gave a pure diester (of glycol B), 
m. p. 118° (Found: C, 61-4; H, 5:4; N, 6:1%). 

( +.)-cis-Menth-2-ene.—( +)-isoMenthy] toluene-p-sulphonate (m. p. 64°) (Hiickel and Nigge- 
meyer, Joc. cit.) (88 g.) was converted into the hydrocarbon with a solution of sodium ethoxide 
in dry ethanol as described above for (+-)-tvans-menth-2-ene. The (--)-cis-menth-2-ene obtained 
(22 g.) had b. p. 68—68-5°/50 mm., d}> 0-8161, ny 14519, [Rz]p 45-64 (Calc. 45-71) (Found : 
C, 86-4; H, 13-4. Cy,9H,, requires C, 87-0; H, 13-0%). 

Hydroxylation of (+)-cis-Menth-2-ene with Osmium Tetroxide—The oxidation was carried 
out in benzene in the presence of pyridine as described above for (-+-)-tvans-menth-2-ene. The 
dark brown addition complex partly crystallised from solution on storage. The crude ( +)-cvs- 
2-hydroxyisomenthol (0-4 g.) was obtained as a dark brown viscid oil from which the pure 
glycol could not be isolated. The crude product gave a di-p-nitrobenzoate which was readily 
obtained pure after two crystallisations from methanol, as small pale yellow prisms, m. p. 138 
(Found: C, 61-7; H, 5-5; N, 64%). 

Hydroxylation of (-+-)-cis-Menth-2-ene with Peracetic Acid.—(-+)-cis-Menth-2-ene (13-8 g.) 
was hydroxylated with a dilute solution of peracetic acid, and the crude glycol isolated as 
described above for (-+-)-tvans-menth-2-ene. In the present case the crude glycol was thrice 
extracted with ether (100 ml.) from the hydrolysis mixture instead of by continuous extraction 
Che crude glycol (9-6 g.) was a pale yellow viscid oil. Distillation of the crude glycol under 
reduced pressure gave fractions, (i) (0-3 g.) b. p. 72—74°/0-06 mm., (ii) a viscid oil (4-3 g.), 
b. p. 74--76°/0-06 mm., (iii) a pale yellow viscid oil (3-5 g.), b. p. 76—78°/0-06 mm. Small 
amounts (0:5 g.) of fractions (ii) and (iii) were separately esterified with p-nitrobenzoyl chloride 
(50°, excess) in pyridine at room temperature for 48 hours. Attempted crystallisation of the 
crude esters from ethanol gave oils which gradually solidified. Slow recrystallisation (24 hours) 
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gave in each case a mixture of two forms melting at 134--138° (prisms) and 164-~-166° (needles 
respectively. Fractional crystallisation from ethanol of the combined products gave a di 
nitrobenzoate (0-45 g.) (of glycol D), m. p. 152—153° (prisms from ethanol) (Found: C, 61 
H, 5-6; N, 5-9%), and a di-p-nitrobenzoate (0-28 g.) (of glycol E), m. p. 166—167° (needles from 
ethanol) (Found: C, 61-7; H, 5-6; N, 6-0%). The ester of higher m. p. was the more soluble 
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in ethanol 

Che fractions (ii) and (iii) of the distilled glycol partly crystallised overnight. Fractional 
crystallisation of fraction (ii) (3-8 g.) from light petroleum (b. p. 40—60°) gave needles (0-22 g 
m. p. 78—78-5°, and plates (1-91 g.), m. p. 60—65°. Fraction (iii) similarly gave the needles 
(0-45 g.), m. p. 78-—78-5°, and plates (1-5 g.), m. p. 60—65°. Lecrystallisations of the material 
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of m. p. 78—78-5° from light petroleum gave glycol C, m. p. 78—78-5°, which on admixture with 
the glycol A obtained from the hydroxylation of (-+-)-tvans-menth-2-ene was depressed to 50 
55° (Found: C, 70-1; H, 11-6. Cy, 9H,,O. requires C, 69-8; H, 11-695). Recrystallisation of 
the combined samples of glycol, m. p. 60—65° (3-4 g.), twice from light petroleum gave glycol D 
(2:0 g.), m. p. 69° (Found: C, 70-2; H, 11-3%). 

Evaporation of the solvent from the mother-liquors from the crystallisations of the glycols 
left an oil (3-8 g.), which partly crystallised during several weeks. The crystals were drained on a 
tile, a process which owing to the high viscosity required several days. The crystals (2-5 g 
then had m. p. 5 65°. Three recrystallisations from light petroleum (b. p. 40—60°) gave 
glycol E (1-7 g.), m. p. 77 A mixture of this material with glycol C melted at 52—60°, and 
one with glycol A melted at 43-—-49°. Glycol E (0-2 g.) with p-nitrobenzoyl chloride (0-5 g.) in 
pyridine (10 ml.) (48 hours at room temperature) gave a di-p-nitrobenzoate (pale yellow fine 
needles from ethanol), m. p. 166°, identical with the similar ester previously obtained from the 
crude glycol 

Glycol C gave a di-p-nitrobenzoate, m. p. 137° (pale yellow needles from ethanol) (Found : 
C, 61-7; H, 5:5; N, 6-1%). 

Glycol D gave a di-p-nitrobenzoate, m. p. 152 —-153°, identical with the similar ester obtained 
from the crude glycol 

Hydroxylation of (-+-)-Menth-3-ene with Peracetic Acid The hydrocarbon 
40—45°/1 mm., obtained as a by-product from the nitrous acid deamination of (--)-7somenthy] 
amine, was treated with sodium (2 g.) and fractionated in nitrogen. The hydrocarbon obtained 
(7 g.), b. p. 43—44°/1 mm., was hydroxylated with a dilute solution of peracetic acid, and the 
pale yellow crude glycol (5-5 g.) isolated in the manner described above for )-cts-menth-2-ene 
Fractional distillation gave fractions, (i) (1-2 g.), b. p. 85—-106°/1 mm., (ii) (2-3 g.), b. p. 106 
108°/1 mm., and (iii) a pale yellow viscid oil (1-5 g.), b. p. 106—108°/I1 mm. Fractions (ii) and 
(iii) did not crystallise and were separately converted into the di-p-nitrobenzoate. Tedious 
fractional crystallisation from ethanol of the ester from fraction (ii) yielded glycol E di-p-nitro 
benzoate (0-12 g.), m. p. 166°, identical with the product previously obtained, and glycol C di-p- 
nitrobenzoate (70 mg.), m. p. 187°; the crude ester from fraction (iii) yielded glycol E di-p-nitro 
benzoate (70 mg.), m p. 166°, and glycol LD) di-p-nitrobenzoate (60 me m. p “152 15! 

Catalytic Hydvoxylation of -trans-Menth-2-ene t-)-tvans-Menth-2-ene (7 g.) was dis- 


S 
’ 


solved in the hydrogen peroxide—tert.-butanol reagent (Milas and Sussman, Jo t.) (40 ml.) and 
cooled to 0°, Then was added an ice-cold solution of osmium tetroxide (0-1 g.) in the same 
solvent (10 ml.).. The reaction was allowed to proceed at 0° for 72 hours. Removal of the 
butanol and unchanged hydrocarbon (3 g.) bv distillation 7x vacuo left a dark oil, vieldin; 
(i) a slightly viscid oil (1-3 g.), b. p. 100—-110° /0-5 mm., and (ii) a pale yellow viscid oil (1-2 g 
b. p. 110—120°/0-5 mm. Neither fraction crystallised nor could p-nitrobenzoates be obtained 
from them 


Microanalyses were carried out by the C.S.I.R.O. Microanalytical Laboratory, Melbourn 
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185. feactions of «8-Unsaturated Cyclic Aldehydes and Ketones. 
Part XI.* (-+)-cis- and (--)-trans-Piperitol. 


By A. KILLEN MaAcBetH, B. MILLIGAN, and J. S. SHANNON. 


(+:)-Piperitone has been reduced by lithium aluminium hydride and by 
aluminium isopropoxide. (-+¢)-cis- and (-)-trans-Piperitol have been isolated 
in both cases, and characterised by the preparation of a number of derivatives. 


THE optically active piperitols derived from (—)-piperitone have already been described 
(Macbeth and Shannon, /., 1952, 2852), and the racemic alcohols have now been prepared 
and characterised. Lithium aluminium hydride was found to give the optically active 
piperitols in a yield of approximately 36°, of the c7s- and 64% of the trans-epimer, and the 
reagent has proved highly satisfactory in the preparation of the inactive alcohols too. 

The preparation of optically active piperitols by the Ponndorf reduction of (—)-pipert- 
tone (Barnes, Jackman, and Macbeth, J., 1951, 1848) was not satisfactory as the cis-epimet 
which was isolated was partially racemised, whereas the ¢rans-epimer was not obtained as 
it was dehydrated during the reaction. Both epimers were isolated when ( |)-piperitone 
was subjected to the action of aluminium tsopropoxide and the reaction stopped after 15 
hours when the reduction was only partially completed. On fractionation of the crude 
piperitol so obtained, the lower-boiling fraction yielded pure (} )-cis-piperityl 3 : 5-dini- 
trobenzoate (15%). The combined higher fraction and the still residue gave pure (+ )- 
trans-piperityl 8 : 5-dinitrobenzoate (8°). The Ponndorf reaction again lacks the obvious 
advantages of lithium aluminium hydride as a preparative method. 

The configuration of (-|-)-cis-piperitol was established by its hydrogenation to (| )-neo- 
menthol, identified as its hydrogen phthalate, that of the (._)-¢vans-piperitol was confirmed 
by reduction to (-! )-¢somenthol, the identity of which was fixed by its conversion into its 
3: 5-dinitrobenzoate. 


EXPERIMENTAI 
Unless otherwise stated, light petroleum had b. p. 40—60°. 


Lithium Aluminium Hydride Reduction of ( +-)-Piperitone.—(—)-Piperitone was racemised 
by sodium ethoxide and purified by distillation (Read and Smith, /., 1923, 2267). The ketone 
(40 g.) in anhydrous ether (60 ml.) was dropped into a mechanically stirred suspension of lithium 
aluminium hydride (3 g.) in anhydrous ether (200 ml.) during 1 hr., and the resulting mixture 
was refluxed for a further 2 hr. The mixture was decomposed with water (50 ml.) and 5% 
sodium hydroxide solution (10 ml.), and the alumina filtered off. After washing of the ethereal 
solution and drying (MgSO,) a few drops of dimethylcyclohexylamine were added, the solvent 
was removed, and the crude piperitols fractionated through a 24-inch column packed with glass 
helices. In a typical experiment three fractions were collected: (1) b. p. 60—64°/0-5 mm 
(4 g.), (2) b. p. 64—66°/0-5 mm. (5 g.), and (3) b. p. 66—-70°/0-5 mm. (19 g.); residue, 6-5 g. 

(-t-)-trans-P7peritol.—Fraction (3) was converted into the 3: 5-dinitrobenzoate by shaking 
it in light petroleum (300 ml.) containing pyridine (11-0 g.) whilst 3: 5-dinitrobenzoyl chloride 
(34 g.) in benzene (50 ml.) was added at such a rate that the temperature did not exceed 30°. 
After 3 hrs. the mixture was washed with water (200 ml.) and filtered, and the benzene-—light 
petroleum layer washed successively with 5% aqueous sodium hydroxide and water, and dried 
MgSO,). The crude ester (18-0 g.) obtained on removal of the solvent was recrystallised (four 
times) from light petroleum, giving (-+)-trans-piperityl 3: 5-dinitrobenzoate as pale yellow 
granular crystals, m. p. 65° (Found: C, 58-85; H, 5-85; N, 7-9. C,H »O,N, requires C, 58-6; 
H, 5°75; N, 8-05%). 

The pure dinitrobenzoate (10 g.) in anhydrous ether (100 ml.) was refluxed with potassium 
hydroxide (4-2 g.) in anhydrous methanol (50 ml.) for 15 min. After 1 hr. the potassium 
3: 5-dinitrobenzoate which separated as red needles was filtered off and washed with ether 
(50 ml.), and most of the solvent was removed from the combined filtrate and washings under 
reduced pressure. Water (50 ml.) was added to the residue and the oil extracted thrice with 
light petroleum (20) ml.). The combined extracts were dried (MgSO,), and the (-+-)-trans- 
piperitol left after removal of the solvent was distilled; it had b. p. 66—69°/0-2 mm., d?° 0-9217, 

* Part X, J., 1952, 4748. 
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ny 1-4767, [Rz)p 47-13 (Calc. 47-14) (Found: C, 78-9; H, 11-6. C,)H,,0 requires O, 77:8; 
Hi, 11-75%). It gave the following derivatives, which crystallised from light petroleum : 
p-nitrobenzoate, pale yellow needles, m. p. 72° (Found: C, 67-4; H, 7-1; N, 465. C,,H,,O,N 
requires C, 67-3; H, 7-0; N, 46%); phthalimidoacetate, needles, m. p. 88° (Found: C, 70°55; 
H, 6-9; N, 4:3. Cy9H,,0,N requires C, 70-35; H, 6-8; N, 4:19). phenylurethane, needles, 
m. p. 85°5° (Found: C, 74:9; H, 845; N, 5-25. C,,H,,0O,N requires C, 74:5; H, 8-5; N, 
55-15%); a-naphthvlurethane, needles, m. p. 107—107-5° (Found: C, 78-2; H, 7-9; N, 4-4 
C,,H,,;O,N requires C, 78-0; H, 7-8; N, 4:35%). 

Hydrogenation of (-+-)-trans-Piperitol.—(+)-trans-Piperitol (1-0 g.) in ethanol (10° ml.) 
containing Raney nickel catalyst (0-5 g.) was hydrogenated at 100°/1000 Ib. for 2 hr. The 
catalyst was filtered off and most of the ethanol removed under reduced pressure. An oil with 
a menthol-like odour separated on addition of water to the residue. This was extracted with 
light petroleum, washed once with water, and dried (MgSO,). On removal of the solvent the 
residual oil (0-9 g.) crystallised overnight. With 3: 5-dinitrobenzoyl chloride it gave an ester 
(1-0 g., 50° based on piperitol) which when twice recrystallised from light petroleum gave pure 

isomenthyl 3 : 5-dinitrobenzoate, m. p. and mixed m. p. 128°. 

)-cis-Piperitol.—Fractions (1) and (2) (9-0 g.) of the distilled piperitol were esterified in 
the usual way with 3: 5-dinitrobenzoyl chloride (17-1 g.) and the crude ester (12-0 g.) was 
recrystallised (six times) from light petroleum (b. p. 60—80°), to give pure (-t-)-vis-piperityl 
3: 5-dinitrobenzoate (6-0 g.) as needles, m. p. 98° (Found: C, 58-6; H, 5-6; N, 8-0594). An 
ethereal solution of the dinitrobenzoate (10 g.) was hydrolysed by methanolic potassium hydr- 
oxide and worked up as described in the case of the trans-ester. Pure (-+-)-cis-piperitol formed 
needles, m. p. 28° (Found: C, 77-5; H, 11:7%). It gave a phthalimidoacetate, needles (from 
light petroleum), m. p. 122° (Found: C, 70-7; H, 6°85; N, 4-45°,), phenylurethane, needles, 
m. p. 110-5° (from light petroleum), and an a-naphthylurethane, needles, m. p. 128-5°, from light 
petroleum (b. p. 60—80°) (Found : C, 78-2; H, 7-8; N, 4:3°¢). 

Hydrogenation of (-+-)-cis-Piperitol.—( +-)-cis-Piperitol (0-5 g.) was hydrogenated as described 
for the trvans-compound at 130°/1300 Ib. A viscid oil (0-45 g., 90°, based on _piperitol) 
was isolated and converted into the hydrogen phthalate by phthalic anhydride (0-45 g.) and 
pyridine (0-75 g.) on the steam-bath (1 hr.), kept overnight and acidified with 10°, hydro- 
chloric acid (50 ml.); the ester was extracted twice with chloroform (25 ml.) and the solution 
washed twice with 5% sodium carbonate solution (25 ml.). The hydrogen phthalate precipitated 
on acidification of the alkaline extract was twice recrystallised from benzene, to give (-1)- 
neomenthyl hydrogen phthalate (0-3 g.), m. p. 175° (176° on admixture with an authentic 
sample, m. p. 177°). 

Ponndorf Reduction of ( 4-)-Piperitone.—( 4-)-Piperitone (100 g.) in zsopropyl alcohol (100 m1.) 
was added to aluminium isopropoxide in isopropyl alcohol (930 ml.; mM) which was distilling 
through a 48-inch column packed with single-turn glass helices, the rate of addition being 
controlled to maintain constant volume in the reaction flask. After addition was complete the 
fractionation was continued for 14 hr. and although the distillate still gave a faint test for 
acetone the remaining isopropanol was removed through a Dufton column. Water (200 ml.), 
then 5°, sodium hydroxide solution (250 ml.), was added, and alumina filtered off. The filtrate 
was extracted thrice with light petroleum (b. p. 60—80°; 200 ml.), and the extract was succes- 
sively washed with water, 5°, sodium hydroxide solution, and water, and dried (MgSO,-kK,CQ,). 
After removal of the solvent the crude piperitol was distilled under reduced pressure and three 
fractions collected : (i) b. p. 60—70°/1-0 mm. (5:7 g.), (ii) b. p. 70-—77°/1-0 mm. (12 g.), and 
(iii) b. p. 77—82°/0-8 mm. (54 g.); residue, 19 g.  (-+)-cis-Piperityl 3 : 5-dinitrobenzoate was 
isolated from fractions (i) and (ii) in light petroleum (250 ml.) containing pyridine (6-2 g.) on 
esterification with 3: 5-dinitrobenzoyl chloride (17-2 g.) in benzene. The crude ester (10 g 
30°, based on piperitol) after five recrystallisations from light petroleum (b. p. 60—80°) gave 
the pure ester (5 g., 15° based on piperitol) as needles, m. p. 98°. The still residue (18 g.) gave 
a crude dinitrobenzoate (4 g.) which after four recrystallisations from light petroleum gave the 
pure trans-ester (3 g., 8°), m. p. 65 


> 
21 


We are indebted to Dr. Blumann and Messrs. Plaimar of Perth, W.A. for the gift of the 
piperitone used in the work. 
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186. (Coenzyme A. Part VII.* Pantetheine-2’ and -2': 4’ Phosphates 
and a New Method for the Synthesis of Cyclic Phosphates. 
By J. Bappitey and E. M. THAIN. 


Pantetheine-2’ : 4’ hydrogen phosphate (I) and its disulphide have been 
synthesised by two different routes. The first involves direct phosphoryl- 
ation of pantethine with phosphoryl chloride in moist pyridine, giving the 
cyclic phosphate directly. In the second route pantolactone-2 dipheny] 
phosphate is heated with an excess of the 2-mercaptoethylamide of 8-alanine. 

Synthetic pantetheine-2’: 4° hydrogen phosphate possessed the same 
properties as a degradation product obtained from coenzyme A and the two 
are considered identical. 

Pantetheine-2’ phosphate (V) was prepared by heating together panto- 
lactone-2 phosphate and the 2-mercaptoethylamide of $-alanine. 

rhe mechanism of the reaction between a diphenyl phosphoric ester bear- 
ing a suitably placed hydroxyl group and amines is discussed. 


In Part VI * we described the isolation and identification of several degradation products 
of coenzyme A. To one of these was assigned the tentative structure (1), namely pante- 
theine-2’: 4’ hydrogen phosphate. The formation of this substance, during alkaline 
hydrolysis of the coenzyme was significant in the development of our thesis. As in- 
sufficient material was available for analysis the evidence for its structure was confined to 
the recognition of products of alkaline hydrolysis. A synthesis of (1) and comparison with 
the natural material was clearly desirable. 


©) ; OH 
py 
O io) 
H,C-CMe,-CH-CO-NH-CH,CHy'CO!NH-CH,-CH,"SH 
(1) 


lorrest and T edd (., 1950, 3295) noted the formation of riboflavin-4’ : 5’ hydrogen 
phosphate from flavin-adenine dinucleotide under conditions similar to those employed 
by us for the formation of pantetheine-2’: 4’ hydrogen phosphate from coenzyme A. 
These authors synthesised their cyclic phosphate by the action of phosphoryl chloride on 
riboflavin in moist pyridine. In the application of a similar technique to the synthesis of 
(I) from pantetheine we considered it essential to protect the mercapto-group. This was 
effected conveniently by oxidation to the disulphide. A solution of pantetheine in pyridine 
was oxidised by passing in oxygen until it no longer gave a nitroprusside reaction. During 
this oxidation $ mol. of water was produced and this was found to be sufficient for the 
subsequent reaction with phosphoryl chloride. The phosphorylated product was isolated 
through its lithium and barium salts. It was indistinguishable on paper chromatography 
from the substance isolated from coenzyme A. Furthermore, on cautious alkaline hydro- 
lysis it yielded a mixture of pantothenic acid-4’ phosphate and -2’ : 4’ hydrogen phosphate 
in the same manner as did the natural degradation product. It is concluded that the two 
substances are identical. 

A second method for the synthesis of (1) depends on observations made at an early stage 
in this work. In Part I (Baddiley and Thain, :b7d., 1951, 246) a water-soluble substance, 
CygHs,0;NP, was obtained from pantolactone-2 diphenyl phosphate and cyclohexylamine 
at 100°. The empirical formula indicated that the phosphate had reacted with 2 mols. of 
cyclohexylamine and that both phenyl groups had been eliminated. While it was recog- 
nised that one mol. of cyclohexylamine was probably involved in opening the lactone ring 
to give an amide the nature of the final product was not determined. Re-examination of 
this substance has established that it is a cyclohexylamine salt and elementary analysis 
suggests that it is a salt of the cyclic phosphate (1). Further support for this formulation 


83. 
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was obtained by passing its aqueous solution through a column of Amberlite IR-120 resin 
to remove the cyclohexylamine. The eluate was strongly acidic and after neutralisation 
with barium hydroxide a salt was obtained containing the expected amount of barium. 
The relatively high Rp value of the substance in n-propyl alcohol-ammonia supports the 
cyclic rather than acyclic phosphate formulation. <A similar product, also described in 
Part I (loc. cit.), was obtained by the action of ammonia in methanol at 30° on pantolactone- 
2 diphenyl phosphate. To this was assigned the formula, C,,.H,,O;N,P, but further 
examination has shown this to be untenable. The product was formed in low and variable 
vield by this method, a better yield (1-8 g. from 5 g.) being obtained by passing ammonia 
through a boiling dioxan solution of pantolactone-2 diphenyl phosphate. 

Examination by paper chromatography showed the presence of two substances in 
this crude ammonium salt. The faster-moving main component (Rp, 0-8) was isolated 
as its crystalline cyclohexylamine salt and was assigned the formula (III) on the basis of its 
analysis, the liberation of phenol on acid hydrolysis, and its ready conversion into the salt 
of the cyclohexylamide (IV; R = H) when heated with cyclohexylamine. The nature of 
the slower-moving substance formed in the ammonia reaction has not been established. 


Ox OH OPh 


Pp 
o”* O ORO 


H,C-CMeyCH-CO-NH-C,H,, CH,-CMe,cH HO 
o———0 
(11) (111) 
OPh 
O-PO 


OPh 


OR 
HO:CH,yCMe,y-CH’CO- NICH, H,C-CMeyCH:CO:-NHR 
(IV) (\ 


It appears that the reaction between pantolactone-2 diphenyl phosphate and a base 
may take either of two courses according to the nature of the base. With strong bases, 
e.g., cyclohexylamine, opening of the lactone ring is rapid and a neutral amide (IV; RK 
Ph) must be the first reaction product. Cyclisation to form a neutral phenyl ester (V) 
may then occur and the second phenyl group would be removed by a further mol. of base. 
When a weak base, e.g., ammonia, is employed, opening of the lactone ring is slower and 
until this has occurred cyclisation cannot take place. However, removal of phenyl groups 
may be less dependent on the basic strength of the amine and (III) would be formed. _ It is 
unlikely that (III) could be an intermediate in the formation of cyclic phosphates in the 
presence of strong bases since when heated with cyclohexylamine (III) was converted into 
(1V; R = H) without cyclisation. The main requirement for cyclic phosphate formation 
by this method seems to be production at some stage of a neutral ester bearing a hydroxy] 
group suitably placed for esterification, e.g., (IV; R= Ph). In this connection the re- 
action mechanism probably bears a similarity to the proposed mechanism of alkaline 
hydrolysis of ribonucleic acid (Brown and Todd, J., 1952, 52) and glycerophosphate iso- 
merisation (Baer and Kates, J. Biol. Chem., 1948, 175, 79). 

While the general scope of the above reaction is still under investigation its use has 
been demonstrated in an alternative synthesis of pantetheine-2’ : 4’ hydrogen phosphate. 
Pantolactone-2 diphenyl phosphate was heated with an excess of the 2-mercaptoethyl- 
amide of $-alanine and the product converted into a barium salt. Although this was not 
obtained analytically pure, paper chromatography showing the presence of traces of several 
unidentified impurities, the main component was pantetheine-2’ : 4’ hydrogen phosphate 
(I). This was identified by comparison on paper with the substance obtained by the first 
method and by its conversion on alkaline hydrolysis into a mixture of pantothenic acid-4’ 
phosphate and the -2’: 4’ hydrogen phosphate. It should be emphasised here that the 
preparation of analytically pure specimens of the cyclic phosphate is experimentally 
difficult. 

A possible by-product in the reaction between pantolactone-2 diphenyl phosphate and 
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the mercaptoethylamide is pantetheine-2’ phosphate (VI), which might have arisen by 
removal of both phenyl groups from the intermediate pantetheine-2’ diphenyl phosphate 
without cyclisation. A synthesis of (VI) was accomplished by heating pantolactone-2 


O-PO;H, 
HO-CH,"CMe,*CH*CO*N H-CH,CHy"CON H’CH,"CH,"SH 
(VI) 


phosphate with an excess of the mercaptoethylamide. The product was isolated in good 
vield as its barium salt. Examination of this substance on paper showed that it differed 
from any of the contaminant phosphates present in the crude cyclic phosphate obtained 
by the second synthetic method described above. Confirmation of the structure (V1) 
followed from ready hydrolysis to pantothenic acid-2’ phosphate, identified by comparison 
on paper with the synthetic substance (Part I, doc. cit). 


EXPERIMENTAL 

Pantetheine-2': 4’ Hydrogen Phosphate (First Method).—Oxygen was passed through a 
solution of pantetheine (3-5 g.) in dry pyridine (20 c.c.) until the nitroprusside test was negative. 
Che oxidised solution was then added dropwise to phosphoryl! chloride (1-9 g., 1 mol.) in pyridine 
(20 c.c.) which had been cooled to the f. p. in acetone—solid carbon dioxide. After the addition 
the temperature was raised to 0° and maintained thereat for 1 hour. The solution was re- 
cooled to the f. p. and water (1 c.c.) in pyridine (5 c.c.) added dropwise. As much pyridine as 
possible was removed under reduced pressure, the residue dissolved in water (50 c.c.), and the 
solution passed through a column of ion-exchange resin (IR-120, H form) to remove the remain- 
ing pyridine. The acid eluate was neutralised with lithium hydroxide solution and evaporated 
to dryness, yielding lithium chloride and pantetheine-2’ : 4’ lithium phosphate. 

Fractionation of the lithium salt and its conversion into the barium salt. The mixed lithium 
salts were triturated with methyl alcohol (150 c.c.); the insoluble fraction was removed by 
centrifugation, washed with methyl alcohol (20 c.c.), and discarded. The combined methanolic 
solutions were diluted with ether (500 c.c.) and the gelatinous precipitate was collected by 
centrifugation. Since the precipitate still contained traces of halide the process was repeated 
twice by dissolution in methanol (100 c.c.) and precipitation with ether (500 c.c.). The lithium 
salt so obtained was free from halide and was converted into the barium salt by dissolving it 
in water (20 c.c.) and removing lithium on an ion-exchange column (IR-120, H form). The 
acid eluate was adjusted to pH 9 with barium hydroxide solution, excess of barium removed by 
carbon dioxide, and the solution concentrated by distillation under reduced pressure to ca. 
5 c.c. A slight precipitate was removed by centrifugation and the resulting clear solution 
diluted with acetone (50 c.c.) and ether (50 c.c.), yielding a sticky precipitate of pantetheine- 
2’: 4’ barium phosphate (2-2 g.) which became powdery on trituration with fresh acetone (ound: 
C, 32-7; H, 5-4; N, 63; P, 7-3; Ba, 16:8. C,.H3,0,.N,P.5,Ba requires C, 32:5; H, 4-7; 
N, 6:9; P, 7-6; Ba, 16-9°,). This substance was homogeneous on running on an ascending 
paper chromatogram in the »-propyl alcohol-ammonia solvent with respect to phosphorus and 
sulphur, Ry, 0-65. 

Alkaline Hydrolysis of Pantetheine-2’ : 4’ Barium Phosphate—A sample of the barium salt 
(2 mg.) was heated with 0-3N-barium hydroxide (0-2 c.c.) for 2 hours at 100°. Excess of barium 
was precipitated as barium carbonate, and barium from soluble barium salts removed by 
cautious addition of ammonium sulphate. An aliquot of the clear solution was run on an 
ascending paper chromatogram in the n-propyl alcohol-ammonia solvent. Two spots were 
observed corresponding to the standards: pantothenic acid-4’ phosphate, Ft, 0-23, and panto- 
thenic acid-2’ : 4’ hydrogen phosphate, R, 0-55. 

Barium Salt of N-cycloHexylpantoamide-2’: 4° Hydrogen Phosphate (11).—An aqueous 
solution of the cyclohexylamine salt, m. p. 253°, of the cyclic phosphate (Part I, loc. cit.) was 
passed through a column of Amberlite IR-120 resin in the hydrogen form. The strongly acid 
eluate was neutralised (pH 7-5) with barium hydroxide solution, then evaporated to dryness 
under reduced pressure. The resulting brittle resin was ground in ether, filtered off, and dried 
at room temperature (P,O;).. When the barium salt was examined by paper chromatography in 
n-propanol—ammonia in the usual way a single spot (FR, 0-85) was observed (Found, in substance 
dried at room temperature: C, 37-6; H, 6-0; N, 3-0; P, 7-9. C,,H,,O;NPBa,,H,O requires 
C, 38-2: H, 61 N, #7: PF 80 Found, in sample dried at 130° in vacuo: Ba, 
IMS. Ci,H,,O;NPBay requires Ba, 19-2° 
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cycloHexylamine Salt of Pantolactone-2 Phenyl Phosphate (111 A gentle stream of ammonia 
was passed through a refluxing solution of pantolactone-2 diphenyl phosphate (5 g.) in dioxan 
(50 c.c.) during 5 hours. After cooling, the solid product (1-8 g.) was filtered off, washed with 
ether, and dried in air. Evaporation of the mother-liquors under reduced pressure yielded some 
unchanged starting material (1-7 g.). The product was dissolved in boiling water, and the clear 
olution cooled and passed through a column of IR-120 resin in the hydrogen form. The 
acidic eluate was neutralised (pH 7) with cyclohexylamine and evaporated to small volume under 
reduced pressure. The crystalline product recrystallised from water as needles, m. p. 235 
When examined by paper chromatography in »-propanol-ammonia the cyclohexylamine salt 
was homogeneous, having R, 0-85 (Found: C, 55-7; H, 7-4; N, 41; P, 81. C,ygH..O,NP 
requires C, 56-0; H, 7-3; N, 3-6; P, 8-1%). 

cycloHexylamine Salt of N-cycloHexylpantoamide-2 Phenyl Phosphate (IV; R H).—The 
above cyclohexylamine salt (0-6 g.), m. p. 235°, was heated with cyclohexylamine (3 c.c.) at 100 
for 3 hours. The crystalline solid dissolved during the first 15 min. Excess of base was re- 
moved under reduced pressure and the resulting syrup warmed with a little acetone to effect 
crystallisation. The cycloherylamine salt (0-3 g.) crystallised as fine needles, m. p. 206°, from 
alcohol-ether (Found: C, 59-0; H, 84; N, 6-1; P, 7-0. C,H ,,O,N,P requires C, 59-5; H 
8:5; N, 5:8; P, 6-49). When treated with cold dilute sodium hydroxide, cvclohexylamine wa 
liberated immediately and phenol was detected readily after the solution had been heated for 
10 min. at 100 

Pantetheine-2’: 4° Hydrogen Phosphate (Second Method A mixture of pantolactone-2 
diphenyl phosphate (2-3 g.) and the 2-mercaptoethylamide of $-alanine (3-4 g.) (Baddiley and 
rhain, J., 1952, 800) was heated at 100° for 5} hours in an inert atmosphere. The resulting 
viscous syrup was triturated with water (20 c.c.) and sufficient alcohol added to give a clear 
solution which was then passed through a column of IR-120 resin in the hydrogen form. The 
cloudy acid eluate was extracted with ether (3 times) and the aqueous layer neutralised (pH 8) 
with barium hydroxide solution. The impure barium salt (1-8 g.) was isolated by evaporation 
to small volume under reduced pressure and precipitation with acetone. Chromatographic 
examination on paper in n-propanol-ammonia showed the presence of a main component 
(Ry 0-63) identical with pantetheine-2’ : 4’ hydrogen phosphate prepared by the first method, 
together with a smaller amount of an impurity (J?, 0-9) which also gave positive tests for phos- 
phate and mercapto-groups. Alkaline hydrolysis in the manner described previously resulted 
in the production of two phosphorus-containing spots, R, 0-23 and 0-55, corresponding to panto- 
thenic acid-4’ and -2’ : 4’ phosphates. 

Pantetheine-2’ Phosphate (V1).--A mixture of pantolactone-2 phosphate (Part I, Joc. cit.) 
(0-2 g.) and the 2-mercaptoethylamide (0-6 g.) was heated at 100—105° for 4 hours. The result- 
ing brittle resin was dissolved in water and passed through a column of IR-120 resin. The 
strongly acid eluate was neutralised (pH 8) with barium hydroxide solution and evaporated 
to small volume. The barium salt (0-4 g.) was precipitated with acetone. Paper chromato- 
graphy in »-propanol-ammonia showed that the product was homogeneous (R, 0:43) (Found: 
C, 25-4; H, 53; N, 5-9; P, 50. C,,H,,0,N,SPBa,2H,O requires C, 25-1; H, 4-8; N, 5-4; 
P, 5-8. Found, in sample dried at 120°: Ba, 27-4. Anhydrous salt requires Ba, 27-8°%) 
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187. The Thermal Decomposition of Calcium Nitrite. 
By TRAMBAKLAL MOHANLAL OzA and VASANTRAI TRAMBAKLAL OZA. 


This work has shown that two of the four reactions involved in the 
decomposition of nitrites are reversible. With progress of the decomposition, 
more nitrate is formed and progressively larger amounts of it decompose to 
produce NO,. This oxide, in the system already containing NO, represses 
the equilibrium, MNO, 7 M,O + NO, + NO, explaining the tendency of 
the system to come to a standstill. Absence of nitrogen, in spite of the high 
temperature, is explained by (i) the reversible nature of the reaction, 
MNO, + NO, MNO, + NO and (ii) the relative instability of nitrate in 
the atmosphere of nitric oxide. 


THE action of heat on nitrites was studied by Ray (J., 1905, 87, 177). For barium nitrite, 
he represented the decomposition as : 
3Ba(NO,), = 2BaO + Ba(NO;3), + 4NO . 6 WR a ee 
Initial < 
{or 2Ba(NO,), = BaO -- Ba(NOQ,),-++-NO+N_. ho Lee 
Final: Ba(NO,;), = BaO -+- 2NO, + O at 6) | at ee 
Intermediate : Ba(NO,), Ba(NO,), + O, <a ga 
He noted that the calcium and the magnesium salt gave but little nitrogen, whereas the 
barium and the sodium salt gave considerable amounts. For magnesium nitrite, Ray 
and Ganguli (Ray, doc. cit.) found equivalent amounts of oxide and nitrite and 12—13% 
of nitrogen and accordingly regarded (2) as the primary process. Oza and Dipali (J. Indian 
Chem. Soc., 1950, 27, 305) showed that the gas never contained more than 3% of nitrogen 
and that the residue underwent well-defined changes during the decomposition and tended 
ultimately to attain the composition required by (1), but that reaction was complicated. 
Oza and his co-workers (Oza and Shah, J. Univ. Bombay, 1942, 11, 70; Oza, ]. Indian 
Chem. Soc., 1945, 22, 173; Oza and Walawalker, tid., p. 243) showed that the initial 
reaction is 
2MNO, — M,0 + NO +} NO, a a eee 
and more nitric oxide is then produced by the reaction 
MNO, + NO, —> MNO, NO... bye 79) im ti 


The nitrogen dioxide, produced in (I), reacts further : 
ee a kr cee 


the last two reactions accounting for the preponderance of nitric oxide over the dioxide in 
the gas. The nitrogen-producing reaction has been shown to be 
2MNO, + 2NO—>2MNO,+N, ......- .- (IV) 


(cf. Oza and Shah, loc. cit.; Ostwald, Annalen, 1914, 403, 32). Ray regarded the calcium 
and the magnesium salt as similar with regard to production of nitrogen, in spite of the 
fact that the respective decomposition temperatures are 400° and <150°. Sodium and 
potassium nitrite produced much more nitrogen at about 400°, as found by Oza (and 
also Ray). 

The results of the present work on the decomposition of weighed amounts of calcium 
nitrite, 72 vacuo, show that the salt resembles magnesium nitrite. The work has also 
shown why calcium nitrite does not yield larger quantities of nitrogen in spite of higher 
temperature by tracing the distinctive behaviour to the reversible nature of reaction (IT) 
(Brit. Abs., 1942, I, 245), since the nitrate is unstable in the presence of nitric oxide 
(Divers, J., 1871, 24, 85). 

EXPERIMENTAI 

Calcium nitrite was prepared according to Oza and Dipali (loc. cit., p. 290) [Found : Ca (as 
CaSQ,), 26:7; NO,’ (by KMnO, titration), 61-3. Calc. for Ca(NO,),,H,O: Ca, 26-7; NO,’, 
61-3%). 
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Analyses. The gas always contained nitric oxide in excess. Hence, N,O, (i.e., NO,) was 
assayed by determining nitrite in the alkali in bulb B (see below) ; the remaining gas contained 
the excess of nitric oxide and the nitrogen, and the former was absorbed in alkaline sodium 
sulphite solution. All volumes recorded are corrected to N.T.P. The residue was dissolved in 
boiled-out, hot, distilled water and calcium oxide was determined immediately by standard 
succinic acid solution. Nitrite was determined by standard permanganate in excess, addition 
of excess of tetroxalate, and back-titration. Nitrate was calculated by difference. 

Apparatus and Procedure—The all-glass apparatus (see Fig.) contained weighed 
Ca(NO,),,H,O in a platinum crucible at 4, connected to Sprengel and Hyvac pumps through 
ground-in glass joints, J,]’, and to bulb B through the internal seal D. The bulb contained 
1—2 c.c. of saturated potassium hydroxide solution. The 
evacuated system was kept overnight before each experiment to 
test the vacuum, and the Sprengel pump then applied for $ hour. 
Heating was done electrically in a vertical furnace of nichrome 
wire, and temperature controlled by resistance mats to within 
5—7°. Temperature was measured by a nitrogen-filled thermo- 
meter, the bulb of which was kept near the decomposing mass. 
Up to 350°, the rate of decomposition was slow and quick 
adjustment of temperature was necessary only above this. 

Bubbles (not affecting the vacuum, and presumably of water 
vapour) were formed in the bulb B at 100° but disappeared at 160°. 
At 240°, they again appeared and affected the vacuum. 

In all experiments from 370° to 480°, N,O,, NO, N,, CaO, 
Ca(NO,),, and Ca(NO,),. were present at theend. The table shows 
the results of 23 experiments: the first five were performed 
with a fixed weight of nitrite heated for 50 minutes at the 
temperatures stated, and the next five with a fixed weight 
at 420° for the periods stated. These ten experiments show 
that: (i) The amount of nitrogen is very small at 390°, and at 
higher temperatures does not exceed 3%; the proportion of 
NO, is high at the start, but the amount does not increase in 
proportion to the total gas; NO is the main gas (80%). (ii) The proportion of CaO is at first 
low (cf. magnesium nitrite) but increases later, while that of nitrate is higher at first and 
decreases later. (iii) The decomposition is most rapid in the first 14 hours, and later tends 
towards a limit. (iv) The proportion of nitrogen at first increases slowly with time, but later 
diminishes (Expts. 9 and 10) with decrease of nitrite in the residue. 

In both these sets of experiments, CaO is low and Ca(NO,), relatively high at the start: this 
is a new observation and the explanation follows from the results of Expts. 11—14, in which 
nitrite is heated at 370° so that reaction is very slow and secondary reactions are least. The 
extent of decomposition in Expt. 14 is the same as that in Expt. 6 so that Expts. 11, 12, and 13 
show the transitional residues : the proportion of oxide increases but that of nitrate diminishes 
slowly under these conditions. Expts. 15—19 show the results of heating various weights of 
nitrite at 360° for 50 minutes. Increase in weight accelerates the decomposition but retards 
production of nitrogen (cf. Expts. 4, 7, 8). 

The observation that nitrogen production is low even at 480° contrasts with the corre- 
sponding observation with sodium and potassium nitrite. To determine the effect of time on 
production of nitrogen, Expts. 20—-23 were performed. The nitrite was heated for about } hour 
to produce nitric oxide, containing 2—3%, of nitrogen, and the temperature lowered to 360° and 
kept thereat for 6 hours. Expts. 21, 22, and 23 yielded an unusually large proportion of 
nitrogen. Again, in Expt. 20, but little nitrogen was formed and the ratio in the last column is 
that usually found for experiments with magnesium nitrite. This shows that the ultimate 
residue is of the same type as in the latter salt. The cause of this may lie in both the increased 
relative stability (at the lower temperature) of calcium nitrate and the prevailing low pressure of 
nitric oxide in the system. In Expts. 21—23, in which the formation of nitrogen reached 
6—8%, the ratios are 2:1: 1. 

The fact that the proportion of nitrogen increases with increase in the period of contact of 
nitric oxide over fused nitrite is significant, for it shows that temperature, by itself, is ineffective 
in producing nitrogen, but that the nature of the nitrite is important as it affects the stability of 
the nitrate in the atmosphere of nitric oxide. The experiments also show that nitrogen is 
produced by a heterogeneous reaction between the nitric oxide and the fused salt. The nitric 


(1953| Lhermal Decomposition of Calcium Hyponttrite Tetrahydrate. 909 


Results. 


Ca(NOx)», Gas Composition, Ca(NO,)s, 
Expt. H,0O, evolved, ye Residue (mg.) : decomp., Ratio 


cs 
no. mg.* Temp. c.c. NO, NO N, Ca(NO,), Ca(NO,), CaO mg. (approx.) f 
25 3:2:11 


3-9 29-5 
42-0 33-0 3: 
9-5 40-6 3: 
14-0 79-1 3: 
31-1 158-2 3: 


253-0 390° 5-2 21-1 78-8 0O- 193-0 
255-0 i 10-9 87-5 1-6 191-4 
250-0 — — 165-0 
256-7 5 5: ‘9 83:5 2- 146-8 
251-0 29- ‘3 88-6 3- 62-7 


ee a | 
r“IOoo 
nbo GH «1 bo 


S 


42-9 
54:5 


x 
= 
Co 
~ 
= 


80-3 . 178-1 36-9 
81-3 2:5 169-0 39-0 
84:3 3%: 139-0 55:3 
89-9 ° 89-1 87-6 
90-1 ‘ 47-2 112-2 
92-8 . 190-0 33-2 
89-3. -—— 188-7 31-5 
90-0 . 179-8 37-6 
89:3 1-8 172-6 42°5 
85-7 = 99-0 602 
90-5 295°3 27-6 
96-2 2: 391-0 41-8 
91-2 IL 615-4 36-9 
94-4 6 719-4 51-4 
80-3. — 200-3 9-3 
88-0 . 297-0 92-1 
89-0 ‘6 237-6 107-7 34-7 
88-5 7: 232-6 146°8 40-6 
* The anhydrous salt is 88%, of the monohydrate. 
+ This ratio is NO,’ used : NO,’ : oxide. 
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oxide induces the reaction, MNO, + NO—-» MNO, + NO,, or the earlier decomposition, 
2MNO, —-> 2MNO, + O, (Divers, loc. cit.), thus disappearing from the system and arresting 
the reaction (IV): diminution of nitrate with progress of the decomposition has been noticed in 
this work. The reaction (II) is thus reversible. This is under further investigation. 


M.R. ScrENCE INSTITUTE, GUJARAT COLLEGE, 
AHMEDABAD, INDIA. [Received, July 7th, 1952.) 


188. Vhe Thermal Decomposition of Calcium Hyponitrite 
Tetrahydrate. 


By TRAMBAKLAL MOHANLAL O2ZA and VASANTRAI TRAMBAKLAL OZA. 


Calcium hyponitrate tetrahydrate is found to behave, in its decomposition 
by heat, like the sodium salt pentahydrate, but small differences are ascribed 
to (i) undetachable H,O in the former and the readily detachable H,O in the 
latter; (ii) the instability of Ca(NO,), and relatively great stability of 
NaNO,, formed in the decomposition. Further, it has been found possible to 
decompose CaN,0,,4H,O, which ordinarily decomposes in vacuo at 330°, at 
as low a temperature as 125—140°, and the products of the decomposition at 
the two temperatures are similar. The results are discussed. 


Pure alkaline-earth hyponitrites were decomposed, and equations assigned, by Partington 
and Shah (J., 1932, 2589). Divers (J., 1899, 75, 117); Proc. Roy. Soc., 1871, 19, 425; 
Chem. News, 1871, 23, 206), Ray and Ganguli (J., 1907, 91, 1399, 1866) and others 
(Kirschner, Z. anorg. Chem., 1898, 16, 424; Thum, Monatsh., 1893, 14, 294; Sitzungsber. 
Akad. Wien, 1893, 102, 284; Partington and Shah, /., 1931, 2071) studied the decomposition 
of hyponitrites and of hyponitrous acid. The reactions were found to be complex, and 
different products were formed by different hyponitrites : e.g., the sodium salt decomposed 
according to 3Na,N,O, = 2Na,O -+- 2NaNO, + 2N, (1); the lead and the copper salt 
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MN,O, — MO + N,O (2), and the calcium, barium, and strontium according to (2) and 
also 5MN,O, = M(NOs)9 -+ 4MO + 4N, (3) and 2MN,O, = 2MO + 2NO + N, (4). 

In the present investigation, weighed quantities of sodium and calcium hyponitrites 
were decomposed under various conditions, and the products examined quantitatively. 
The two salts behave similarly except for differences due to (1) the more stable H,O 
molecules in the calcium salt and (2) the instability of calcium nitrite at the decomposition 

By-4) 


temperature. Further, the calcium salt decomposes even at 125°, and the proportion of 
the decomposition products then formed is different from that at higher temperatures. 


EXPERIMENTAL 


Calcium hyponitrite was prepared by double decomposition (Partington and Shah, Joc. cit., 
1932) (Found: Ca, 23:3; N, 16-0. Calc. for CaN,0,,4H,O; Ca, 23:3; N, 16:34). It could not 
be dehydrated without decomposition. 

Analyses.——(i) The gas contained traces of N,O, and appreciable amounts of NO, N,O, and 
N,: the dinitrogen tetroxide was indicated by slight trailing of mercury in the Sprengel pump 
in all experiments. Nitric oxide was absorbed in alkaline sodium sulphite saturated with 
nitrous oxide, and the latter then determined by absorption in cold alcohol, the absorbent being 
freely replaced and the gas stored over it for 2 hours after contraction had ceased. The residual 
gas was nitrogen. Recorded volumes are all corrected to N.T.P. (ii) The solid residue was 
kept under vacuum until it dissolved; it contained oxide, nitrite, nitrate, and only traces 
of hyponitrite (in some experiments). Calcium oxide was titrated with standard succinic acid 
immediately after dissolution, the solution having been boiled to decompose traces of hypo- 
nitrite (Oza, Oza, and Dipali, J. Indian Chem. Soc., 1950, 27, 305); nitrite was estimated as 
described in the preceding paper. Nitrate was calculated if required. 

Apparatus and Procedure.—These were the same as described in the preceding paper. The 
bulb under the internal seal contained phosphoric oxide when anhydrous conditions were 
desired. 

Table 1 gives results of decomposition of (i) two different masses at a constant temperature 
(Expts. 1 and 2), (ii) the same mass at two different temperatures (300°, 360°). They show that 
CaO, Ca(NOg)., NgO, NO, and N, are present in all the experiments and their proportions vary 
with both mass and temperature and that, in general, increase in mass and lowering of 
temperature produce similar effects. In Table 2 are given results of two experiments in which 
the gaseous products were pumped off as quickly as possible by keeping the system under 
vacuum. The three sets, collectively, show normal features (Table 1) but in both Expts. 5 and 
6 the first stage is different from the third and the second is of transitional type. The residue 
contains more CaO as N,O increases, whereas NO and N, run parallel. The experiments also 
show that N, and NO are formed in larger proportions in the initial stages. 

In these experiments a tendency for decomposition to occur at lower temperatures was 


= 


noted, and this had not hitherto been reported. In Expt. 7 the temperature was kept at 
100° for a time and then for 15 minutes at every step of 25° above. Some gas was liberated at 
150° and more again between 175° and 200°. Complete decomposition occurred only at 340- 
360°. The analyses show all the gaseous components to be present at each stage, but the 
proportion of NO and N, is low at low temperatures and large at higher ones, and the contrary 
is the case with N,O. 

Partington and Shah (/oc. cit., 1931) found sodium hyponitrite to decompose quantitatively 
according to (1). Oza (J. Indian Chem. Soc., 1944, 21, 75) found traces of nitric oxide and 
ascribed them to secondary decomposition of the nitrite formed as above. Partington and 
Shah did not find appreciable calcium nitrite in the decomposition of the hyponitrite. Calcium 
nitrite is more unstable at 350° than the sodium salt and is likely to give more NO. In Expt. 8, 
Ca(NO,).,H,O was added to the hyponitrite, and the mixture decomposed: the gas formed at 
330° contained an increased proportion of nitric oxide. Hence the hyponitrite seems to 
decompose like the sodium salt to produce nitrite as intermediate unstable product. 

The formation of nitrous oxide from calcium hyponitrite may be formulated as in (2) and no 
such reaction seems to occur with sodium hyponitrite. It is, however, known that 
Na,N,0,,5H,O produces N,O if suddenly decomposed in vacuum. The latter salt is known to 
become dehydrated readily in a vacuum, and the dehydration will be quicker at high temper- 
atures; but CaN,O0,,4H,O is not dehydrated. In Table 3 are given results of sudden 
decomposition, at 330° in a vacuum, in a platinum crucible, of weighed amounts of Na,N,O, 
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(Expts. 9 and 10) and Na,N,O,,5H,O (Expts. 11 and 12). Expt. 9 shows remarkable regularity 
in the proportions of Na,O and NaNO, (all the hyponitrite has not decomposed) ; nitrogen alone 
is formed in Expts. 9 and 10, but nitrous oxide is also formed in Expts. 1l and 12. Again, the 
proportion of N,O increases with the weight of Na,N,O,,5H,O, as with CaN,O,,4H,O. 

To understand further the role of H,O in the tetrahydrate in forming N,O, it would be 
necessary to study the dehydrated salt, but as it is impossible to effect this dehydration without 
decomposition, phosphoric oxide was kept in the evacuated system containing the tetrahydrate, 
and the latter was kept at and above 100° and ultimately decomposed, by appropriately raising 
the temperature. Gas evolved in the initial period of heating was collected separately and 
analysed. Table 4 shows the results: even N, and NO do not vary concurrently; the gas 
evolved initially in Expt. 14 shows a large proportion of nitrogen and yet a low proportion of 
nitric oxide, but the gas subsequently evolved contains so much nitric oxide as to make the total 
normal. This shows that nitrogen and nitric oxide are not formed in the same reaction, 1.e., 
calcium nitrite is probably formed first, and nitric oxide last. The usual proportions of N,O 
and N, have become reversed in Expt. 15. This supports the probability that dehydrated 
CaN,O,,4H,O might produce more nitrogen, for Expt. 16 shows a normal ratio (cf. Table 1) for 
N, and N,O in the first release and a reversal of it in the last release. In the last, the 
dehydrating influence of phosphoric oxide has prevailed for a time at 210°. The residue shows 
higher nitrite content, whereas the proportion of nitric oxide in the gas is small. 


Discussion.—The facts that (i) evolution of nitrous oxide becomes very low under 
dehydrating conditions when H,O of CaN,O,,4H,0 is in a state of strain, and (ii) dehydra- 
tion of this tetrahydrate under ordinary conditions is impossible, suggest, by analogy with 
behaviour of Na,N,O,,5H,O, that production of nitrous oxide is connected with H,O of 
CaN,0,,4H,O. The observation that low temperature and greater weight produce more 
nitrous oxide is consistent with this view. 

The decomposition of CaN,0,,4H,O at 125—140° to form all the normal products of 
the decomposition renders it probable that the reactions may be 


(I) CaN,O, + H,O (from 4H,O of hyponitrite) = CaO + H,N,O, 
the other products being then formed as (Ray and Ganguli, Joc. cit.) 
(II) (i) H,N,O, = H,O + N,O; (ii) 3H,N,O, = 2H,O + 2HNO, + 2N, > 3H,O + {HNO, + 4NO 
(II, ii) will interfere with the unimolecular reaction (II, i), as found by Hantzsch and 


Kaufmann (Annalen, 1896, 292, 317). The results of Table 4 also make it likely that 
anhydrous calcium hyponitrite, if it could be prepared, would react thus : 


3CaN,O, = 2CaO -+- Ca(NO,),-+-2N, «© «§ 6 « «© «~ «© « 
the nitrite produced decomposing, in part, thus: 

3Ca(NO,), = 2CaO + Ca(NO,),-+4NO ... «© « « « (if) 
This hypothesis is supported by the facts that (a) nitric oxide always accompanies nitrogen 
but has never been found alone, () the proportion of nitric oxide never exceeds that of 
nitrogen, (c) the residue contains much nitrite when the nitric oxide content of the gas is 


small, and (d) a stage of evolution of much nitrogen and little nitric oxide is followed by 
one of larger nitric oxide evolution (Expt. 14). 
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189. The Hydrates of Naphthalene-8-sulphonic Acid. 
By J. S. F. Girt and M. J. THORNTON. 


The complete phase data for the system naphthalene-$-sulphonic acid— 
water are presented. Four hydrates of the f-acid exist, a mono-, a tri-, a 
penta-, and an octa-hydrate, of which only the first two have previously been 
described. An exact thermodynamic relationship has been applied to the 
pressure—temperature curves. 


DurInG work on the vapour pressure of naphthalene-3-sulphonic acid hydrates a penta- 
hydrate was discovered. It was then decided to undertake a complete phase-rule study of 
the system naphthalene-8-sulphonic acid—water. The solubility data are shown in Fig. 1, 
and the co-ordinates of the invariant points and melting points are given in Table | which 
includes the corresponding vapour-pressure data taken from the P-T curve of Figs. 2, 2a, 
and 2p. 

Vic. 1. Temperature-composition diagram. 
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TABLE 1. Invariant points and melting points tn the naphthalene-8-sulphonic 
acid—water system. 


Invariant points P, mm. Hg. ‘5 Acid, % (*) 
ae - ENR ND REI ious n i picasa cevirs ins ceowetneky ssdvivscesecuniqeosacdas 4-58 0-008 0-0 
B Eutectic: ice, octahydrate, satd. soln., vap. ............sessseeeeses 2-35 —5-U2 33-5 
C_ Transition point: octahydrate, pentahydrate, satd. soln., vap. 15-80 20-5 48-5 
D_ Transition point: pentahydrate, trihydrate, satd. soln., vap. ... 96 57-8 67-4 
E Transition point: trihydrate, monohydrate, satd. soln., vap.... 168 81-4 78-9 
FF “REOHADE POINE GE ONGRGATIRG: o.acceessccccscesccasrvecvssevedesseccesees 207 125-9 92-02 
G Eutectic: monohydrate, anhydrous acid, satd. soln., vap. ...... 10-0 97 98-8 
FE BESIDE POME CL ARRIGOOUS ALI. o..ccseresscescosesscssesvescascosesese -—- 104 100-0 


The only recorded solubility data are those of Masson (J., 1912, 101, 103) who gives a 
value corresponding to 56-9 g./100 g. of saturated solution at 30°. This value is not in 
good agreement with our value of 53 g./100 g. of solution for the pentahydrate but could 
represent the metastable equilibrium of the octahydrate at 30°. The m. p. of the anhydrous 
acid is 104°; Kraft and Roos’s (Ber., 1893, 26, 2823) value of 100—102° is in fair agreement 
with this. Witt (Ber., 1915, 48, 758), however, gives a value of 90-5—91° obtained by 
drying the monohydrate in a stream of dry air at 110° until the requisite loss in weight was 
obtained. Since 110° is well above the m. p. of the anhydrous acid (it can be seen from 
Fig. 1 that material containing approximately 96% of acid melts at 110°) the material 
must have been in the molten state for some considerable time before the requisite loss in 
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weight took place. It is our experience that such solutions readily partially hydrolyse 
into naphthalene (detected by its smell) and sulphuric acid, with a certain amount of 
darkening in colour, and it is therefore possible that Witt’s material was not pure anhydrous 
naphthalene-§-sulphonic acid. Euwes (Rec. Trav. chim., 1909, 28, 298) dried the mono- 
hydrate at 90°/20 mm. for 8 hours and found the dried acid still contained 3% of water 
and had a m. p. of 119°, which, from our results, corresponds to 56% of water. 


Pic. 2. Vapour pressure-temperature Fic. 24. P-T relationships at low 
diagram. temperatures. 
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lic. 3. Vapour pressure—composition 
diagram. 
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The values obtained for the m. p. of the monohydrate by Kraft and Roos (124—125°) 
and by Witt (124°) are in close agreement with that obtained in this work, viz., 125-9°. 

Witt’s value of 83° for the m. p. of the trihydrate is in reasonable agreement with our 
value of 81-4°, which is not, however, a congruent m. p. but a transition point from the tri- 
to the mono-hydrate. 

The pentahydrate was discovered by hydrating the mixed mono- and tri-hydrates (the 
stable mixture under normal atmospheric conditions) at 25°. The results are shown as a 
“ step ” diagram in Fig. 3, where the steps corresponding to the dissociation pressure of the 
mono- and tri-hydrates are shown in addition to that of the pentahydrate. The values of 
these dissociation pressures are shown in Table 2. The solubility curve (Fig. 1) shows a 
definite break at D corresponding to the phase change from tri- to penta-hydrate, and a 
further change in slope in the neighbourhood of point C which corresponds to the separation 
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of a solid hydrate containing more water of crystallisation. This was shown to be an 
octahydrate, and the composition of the pentahydrate was confirmed by using a “ tracer’’ 
technique (see p. 917). The dissociation pressure of the octahydrate at 15° is shown in a 
‘step ”’ diagram in Fig. 3 and the values are quoted in Table 2. The 25° isotherm in Fig. 3 
does not reveal the presence of the octahydrate, as the transition point is at 20-5°. 
TABLE 2. Dissociation pressures of hydrates (mm. Hg). 
Hydrate 
Temp. 1H,O 3H,O 5H,O 8H,O 
15° - 2-90 9:36 10°35 
25 0-18 6°34 17-50 _ 


EXPERIMENTAL 
The naphthalene-$-sulphonic acid was prepared according to Witt (Ber., 1915, 48, 743). 
Several different preparations had slightly different properties, probably caused by traces of 
impurities. One sample gave an anhydrous acid which charred very rapidly near its m. p.; 
this was thought to be due to a trace of sulphuric acid. All the samples contained a small 
amount of water-insoluble material, probably the sulphone, which was sufficient to give an 
opalescence in relatively dilute solutions but disappeared in more concentrated solutions. 


Fic. 4. Vapour-pressure apparatus 
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Determination of Solubility.—Most of the points on the three-phase boundary curve were 
determined by Pounder and Masson’s modification of the thaw-melt method (J., 1934, 1357 
About 0-5 g. of a mixture of acid and water was contained in a glass tube of 4 mm. internal 
diameter attached to the bulb of a calibrated thermometer and immersed in a liquid bath 
The mixture in the tube was stirred with a I1-mm. diameter glass rod. The bath was heated 
slowly and the temperature at which the last trace of solid went into solution was noted. The 
tube was then cooled quickly, the bottom end containing the mixture broken off and weighed, 
and the mixture analysed by titration with standard alkali. 

The results are given in Table 3 and the temperature—composition diagram is shown in Fig. 1. 
Points on the portion 4B of the curve (Fig. 1), where ice is the solid phase, were obtained by the 


TABLE 3. Tx Data for the system naphthalene-8-sulphonic actd—water. 

Solid Acid, sol. Solid Acid, Sol. Solid Acid, Sol. Solid Acid, 
phase ; phase pt. phase y pt.* phase o. (#) 
Ice SH,O 55-2? 5H,O 65-6 92:09 1H,O — 81-8 

8H,O 57-6 3H,O vir 94:4 1H,O 82-5 

5H,O 3H,O 8: 101-4 1H,O 84:1 

5H,O 3H,O 38-6 107-2 1H,O 86-2 

5H,O 3H,O 69! 1145 1H,O 87-7 

5H,O 3H,0 705 1168 1H,O  &8%7 

fe 5H,O 3H,0 736 1230 1H,O 92-6 
8H,O 3-7 ! 5H,O 3H,O 6 110-0 1H,O 98-0 
8H,O 36:6 8:1 5H,O 57: 80-1 3H,O 108-4 1H,O 98-1 

32 8H,O 374 38 5H,O 59-6 82-5 1H,O 79+ 99-0 : 99-4 
6-2 8H,O . : 5H,O . 83: 1H,O = 80- 104-0 + 100-0 


* Sol. pt. = solubility point. + = Anhydrous acid. 
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usual cryoscopic method for the determination of molecular weights. The point H (the m. p 
of the anhydrous acid) and the one point on the curve GH were obtained by a separate technique 
described later. These two points are represented by the last two values in Table 3. 
Determination of the Composition of the Solid Phases.—The solid phases listed in Table 1 
include two hydrates, the octahydrate and the pentahydrate, which have not previously been 
described. The mono- and tri-hydrate were described by Witt (Joc. cit.) and by Kraft and Roos 
(loc. cit.), and their existence was verified by the isothermal pressure—composition (P—*) diagrams 
(Fig. 3) which are described later. These diagrams also show the existence of a penta- and an 
octa-hydrate, the compositions of which were confirmed by analysis. That of the octahydrate 
was determined by stirring a comp!ex of solid and saturated solution, to which a small amount of 
hydrochloric acid had been added as solution indicator, at 0° until equilibrium was attained. 
The solution and wet solid were separated by filtration and analysed for total chloride and acid. 
From these analyses the compositions of the solid and liquid phases were calculated. The 
composition of the pentahydrate at 30° was determined in a similar manner. The theoretical 
and experimental values for the solid phases are : 
Naphthalene-f-sulphonic acid, °% Naphthalene-f-sulphonic acid, % 
Temperature Found Required Temperature Found Required 
0° (octahydrate) 59-2 558-6 59-1 30° (pentahydrate) 68:°9 69-8 


Determination of the T—x Co-ordinates of Invaviant Points.—As can be seen from Fig. 1, the 
binary system contains five invariant points: B and G are eutectic points, C, D, and E are 
solid-phase transition points, and F is a congruent m. p. The composition of the ice eutectic 
(B) was obtained with sufficient precision from the intersection of the two relevant portions of 
the saturated solution boundary curve; its temperature was determined more exactly as the 
lowest obtainable by adding alternately small portions of water and hydrated §-acid to a cooled 
mixture of approximately the eutectic composition without causing complete solidification. 
In this way the composition of the eutectic was “ straddled.’"’ The composition of the anhydrous 
acid—~monohydrate eutectic (G) was similarly determined although, owing to the hygroscopic 
nature of the anhydrous acid, not with the same precision as for the ice eutectic. Its temper- 
ature was determined by evaporating known amounts of water vapour from mixtures of the 
tri- and the mono-hydrate by a technique similar to that used for the determination of pressure- 
composition data. The mixed hydrates were dehydrated at 90° until their compositions were 
between those of the monohydrate and the anhydrous acid, and were then sealed in small glass 
tubes, and the temperature was slowly raised until the first signs of softening were observed. 
This method located the eutectic point to within +0-5°. 3y weighing one such sealed tube and 
analysing the contents, one point on the anhydrous acid solubility curve, GH, was obtained. 

Owing to the slight change in slope of the solubility curve at the transition points C, D, and 
E, the T—w co-ordinates could be determined only approximately from the points of intersection 
of the two relevant portions of the curve. Thermal analysis proved satisfactory for determining 
accurately the temperatures of the penta-tri-hydrate (point )) and tri-mono-hydrate (point £) 
transitions but failed in the case of the octa—penta-hydrate transition point (C) presumably 
because of the small heat of transition. However, the temperature of the latter transition was 
determined by means of a sensitive dilatometer with a precision of +-0-5°. 

The m. p. of the monohydrate (/’) was determined by heating a sample of the monohydrate, 
obtained by dehydrating the normal material, under a partial water-vapour pressure somewhat 
greater than its vapour pressure at the m. p. in order to prevent dissociation of the mono- 
hydrate. 

The complete co-ordinates of the invariant points are given in Table 1. 

Determination of the Melting Point of Anhydrous Naphthalene-G-sulphonic A cid.—Anhydrous 
8-acid was obtained by evacuating a small glass bulb containing a mixture of the mono- and the 
tri-hydrate to a pressure of 4 x 10° mm. and maintaining this vacuum whilst slowly heating 
(1 hour) the sample to 90°: there was no softening of the material. Finally, the temperature 
was again raised and a sharp m. p. was observed at 103-5—-104°. This procedure was repeated 
several times and the reproducibility and sharpness of the m. p. justify the conclusion that the 
material was anhydrous. The liquid §-acid was practically colourless. 

The 25° Pressure—Composition Isotherm.—The P-x relationships at 25° for the whole system 
were determined in the apparatus shown in Fig. 4(a)._ The samples were placed in bulb A which 
was immersed in a thermostat at 25° + 0-1°. The expansion bulb E was of known volume so 
that the amount of water vapour exerting a measured pressure on the mercury manometer M 
could be calculated. Bulb W, which contained solid Na,SO,,10H,O, supplied water vapour 
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were obtained on hydrating and dehydrating the 


to the apparatus. Well-defined “‘ steps ”’ 
The results obtained 


starting material, which is a mixture of the mono- and the tri-hydrate. 
are represented graphically in Fig. 3. All the values are given for the dehydration of the starting 
material, but when hydrating the anhydrous—monohydrate mixture complete equilibrium was 
not allowed to take place between all the separate additions of water vapour in order to save time. 
The 15° Pressure-Composition Isotherm.—After the discovery of the existence of an 
hydrate stable up to about 20°, a similar procedure to the above was carried out at 15 
ociation pressure of the octahydrate. Table 4 gives the results obtained, the same 
isotherm with the sample in a thermostat regulated at 
The dehydration technique was unsuccessful 


LO Ill 
the di 
apparatus being used as for the 25 
15° + 0-1°, the hydration technique being used. 
for the solid separating from saturated solution appeared to be the metastable 
The determination of this isotherm, however, is 
~ very simular at 


in this case, 
pentahydrate instead of the octahydrate. 
complicated by the fact that the dissociation pressures of the higher hydrates are 
this temperature 


ABLE 4. Hydration of the mixed mono- and tri-hydrates of naphihalene-¢ 
acid at 15° 

Vapour pressure (mm. of Hg) 2-90 2-92 9-35 10-33 10-35 10-98 10-95 
Water in sample, % 13-3 20-0 29-6 36-9 38°6 40-6 42-1 
Moles of H,O per mol 1:77 2-83 4-86 6-76 2! 7-90 8-40 

The values in Table 4 are plotted in Fig. 3, from a study of which it is obvious that the points 
themselves are not sufficient evidence for the construction of the complete step-wise graph shown 
However, this part of the work was only undertaken to prove that an octahydrate did exist 
at 15° and there are sufficient points to show this. The other hydrates were already known to 
exist, and their P-T relationships had been established by the methods outlined in the following 
section. 

Pressuve~Temperature Relationships 
vapour pressure, each type being of all-glass construction and involving the use of a mercury 
In all cases the mercury levels were read with a catheto 


Three types of apparatus were used for measuring 


manometer as the pressure indicator. 
meter reading to 0-01 mm. The first type of apparatus, shown in Fig. 4(a) has already been 


discussed. The most useful apparatus for determining P-—T values is shown in Fig. 4(b It 


consists essentially of a mercury manometer, which can be made to any required length, with 
3efore being filled, the tube at C is open at the end. Freshly 
R 


rt 


glass bulbs blown on each limb. 
distilled mercury was poured into the clean, dry apparatus so that it was all held in bulb 
the sample was then introduced into bulb 4 through a filling tube, and the apparatus connected 
The sample in bulb A was surrounded by an ethanol-solid 


to the vacuum system at point C. 
When the 


carbon dioxide mixture at —80°, and evacuation started with a rotary oil pump. 
pressure was down to about 0-03 mm., the mercury in bulb B was warmed gently until it began to 


After the mercury had cooled, the connection to the pump was closed by means of a tap 


boil. 
The sample was then re-cooled to 


and the sample in A allowed to warm to room temperature. 

80° so that any water vapour which came off recondensed on to the sample, leaving behind any 
air which was originally trapped in the sample. The tap to the vacuum system was opened, any 
air released from the sample pumped off, and the tube finally sealed off at ¢ Che apparatus 
was then tilted, whilst the sample was still at —80°, so that the mercury ran into the mano 
When in use, the whole apparatus was immersed in a thermostatically-controlled 


meter limbs. 
The advantages of this 


water-bath, and the pressure read directly at various temperatures. 
type of apparatus are that no taps are used once the apparatus is sealed ; 
possibility of leakage, or of condensation of water vapour on the cooler parts of the apparatus 
since the entire apparatus can readily be immersed in a thermostat and is thus at the same 


hence there is no 


temperature. 
Che applicability of this instrument was limited by the size of thermostat tank available 


and hence for vapour pressures above 200 mm. an isoteniscope method 
The air pressure, which is of course equal to the water vapour pressure if both mercury limbs are 
at the same height, was measured on a 760-mm. closed-end mercury manometer. All parts of 
the apparatus in contact with water vapour must be at the thermostat temperature, and this 
involves the use of a tap T [Fig. 4(c)] working at temperatures up to 130°. Silicone grease was 
used to lubricate this tap. Even so, it remained leak-proof for only a few hours, which was 
however long enough to enable measurements on this system to be carried out. The samples, 
contained in a small tube, were introduced into tube 4, and the apparatus has the advantage 


that the samples can be readily changed without dismantling. 


Fig. 4 Was used 
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When dealing with P-T relationships, the complete system naphthalene-$-sulphonic acid 
water must be divided into separate smaller systems consisting of two solid hydrates and vapour, 
or one solid hydrate, saturated solution, and vapour, and each one studied separately. Each 
separate sample was made up before being introduced into the vapour—pressure apparatus so 
as to contain as great a proportion of the lower hydrate as conveniently possible. When dealing 
with solid hydrates, this enabled pressure measurements to be taken beyond the transition point 
of the higher hydrate, where the system now contained the lower hydrate and saturated solution, 
and up to the solubility curve of the system where the solution became unsaturated and further 
pressure measurements were valueless. 

In Table 5, P-T results are given for each of the ten three-phase systems and the values are 
plotted in Figs. 2, 2a, and 2s. Fig. 2a is an enlarged portion of the area enclosed by the dotted 
line in Fig. 2, and Fig. 28 shows the pressure-temperature relationships at the trihydrate 
transition point (£). 


PaBLE 5. P-T data for the system naphthalene-3-sulphonic actd—water. 
(4) Monohvdrate—anhydrous acid. 
Temp. 25 50 sl° 93 97 


Press., mm. ... 0-18 1-00 “{ £85 9-0 lu-0 


(B) Anhydrous acid-saturated soluti 
Temp. 97 99 
Press.,mm. ... 10:0 0-82 
Trihydvate-monohydrate. 
Temp. 5 10 20 25 30 40 50 60 65 70° 80° 
Press.,mm. ... 13 1:90 2: 4:19 634 9-97 18:84 36-23 60-68 80-24 104-0 163-2 
Monohydrate—saturated solution (more water in liquid phase than solid phase) 
Temp Ra. 100° 108° 115° 122 123 23°6° 125-9 
Press, mm. ... 220 246 274 304 315 304 268 207 
Monohydrate-saturated solution (more water in solid phase than liquid phase) 
POMP. yesh .0056's . 98° 102° 108° 114° 115:5° 119-5° 120-5° 122-5 
Press., mm. ... 10-0 10-9 20-9 33:0 60-0 71-0 102 121 144 
Pentahydrate—trihydrate. 
Temp. ... 25° 0° 2: 5 ‘ : 2: 36° 
Press., mm. ... 2:35 3:00 . . 138 6-95 9°36 ‘ 30-06 
Temp. . 48 51° ; 
Press.,mm. ... 584 71-0 
Trihydvrate-saturated solution. 
Temp. .... 63:5° 65-0° 69-5° 70-0° 75-0° 80-0 
Press., mm... 110-4 117-°0 129-5 134-0 152-5 171°8 
Octahydrate—pentahydrate. 
Temp. 54° -7-0° 100° . 12-:0° 15-0 16-0 17-0° 
Press.,mm. ... 5:06 5-84 7: : 8-28 10:35 11-08 11-91 
Pentahydrate—saturated solution. 
Temp. 25° ‘ f : 5 56-5 
Press., mm. ... ‘5 58:7 73:0 84-9 92-0 
Octahydvate—saturated solution. 
Temp. we 5 3 0 6-0 10-0 15-0 20-0° 
Press.,mm. ... 2:35 2-76 3-59 5-67 7:88 10:95 15-10 


lon mercury manome 


* Vapour pressure too small to be measur ter 


In general, the measurement of the P-T relationship for a solid and its saturated solution 
presents little difficulty in a closed system such as the apparatus shown in Fig. 4(6) even though 
the volume of the vapour space is large compared with that of the condensed phases. When the 
vapour pressure increases very rapidly with temperature, as it does along GJ, in Fig. 2, then an 
appreciable amount of water must vaporise when the temperature is increased in order to 
register the equilibrium pressure. This entails a relatively large change in the ratio of the 
amounts of the two condensed phases, and it is extremely difficult to prevent the disappearance of 
one of them. The apparatus shown in Fig. 4(c) was therefore moditied by attaching to vessel A 
a bulb containing water which could be heated electrically 3y this means water vapour could 
be introduced into the apparatus while it was being heated, and the vapour pressure built up 
without decomposing completely one of the phases in vessel 4. When the temperature had 
become constant, the heated water reservoir was shut off from A. In order to check that 
equilibrium was established, small amounts of water vapour were removed from the system. 
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This resulted in a fall in pressure which, however, was quickly restored to its previous value, thus 
ensuring that the measured vapour corresponded to the dissociation pressure of the mono 
hydrate. The maximum temperature point (4) was approached both from the water-rich side 
where the saturated solution contains more water than the monohydrate, and the acid-rich 
side, where the saturated solution contains less water than the monohydrate, 7.e., from / and 
G, respectively. 

p-T-V Relationship.—Let subscripts 1 and 2 refer respectively to the components water and 
naphthalene-3-sulphonic acid, and denote the mole-fraction of 2 by x. Then the condition for 
equilibrium of component 1 between any two phases is that du,¥ = dy", where y is the chemical 
potential of component 1, the superscripts 5 (below), L, or V indicating solid, liquid, or 
vapour phase, respectively. By applying the usual thermodynamic arguments (Guggenheim, 

Thermodynamics,’ North Holland Publ. Co., Amsterdam, 1949) to the equilibrium of com- 
ponents 1] and 2 between the phases V and L and also between S and L it can be shown that 


dp = (x¥ — al)AHSL — (x8 — xh)AHVL 


ii - ) 

dT (x¥ — #Lj)AVS — (48 eL)AVVI (1 
where AH*! (A ™ H,*)(1 vr) 4 Pe H,*)x> and so is the enthalpy increase accom 
panying the transfer of 1 v> moles of component 1 with 2° moles of component 2 from the 


solid phase to an infinite amount of the liquid phase. AHY", AVS", and AVY" are similarly 
defined. This expression appears to have been first derived by Smits (Z. phys. Chem., 1912 
78, 708) 

It is easily shown that if 1 mole of liquid phase, 7.¢., 1 v’ moles of 1, and +" moles of 2 
are formed from the other two phases, then the enthalpy increase accompanying the reaction 
is given by 
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VL » 
— ys 4H sed (2 
with a similar expression for the volume increase. On insertion of this in equation (1), an 
equation of the same form as the well known Clausius—Clapeyron equation is obtained, viz 


dp/dT = AH/TAV ; (3) 
If the volume of 1 mole of any phase is denoted by V with the necessary superscript, and we 
assume that in our system *¥ = 0, we find that 
AV VE — VY(L — xl /x8) — V8xL/x8 boaek (4) 


Usually all volume terms except VY can be neglected, since it is far greater than any of the 
others, and so on replacement of VY by RT/p the expression becomes 


AV = RT(1 — x" /x8)/p d) 


lhis approximation for AV is not valid when +" approaches ** closely in value. 

From equation (1) it can be seen that AH consists of a heat of solution and a heat of vaporis 
ation term. We make use of the term AH,,), defined by Williamson (Trans. Faraday So 
1944, 40, 421) as the enthalpy increase occurring when | mole of solid, in this case comprising 
1 mole of component 2 and (1 v°)/x® moles of component 1, is dissolved in an infinite amount 
of nearly saturated solution. A similar term AH,,,, can be introduced for the enthalpy change 
when 1 mole of vapour evaporates from an infinite amount of the solution. As we assum: 


vY — 0, then the approximate equation can be written 
d In p/d(1/T) AH/R(1 — xl /x5) : (6) 
and AH UAH, — (1 — x" /*5)AH,, fh 
Monohydrate—Saturated Solution System.—The pressure-temperature curve of this system 
has two turning points J and K (Fig. 2), the data for which are as follows : 
Composition of liquid : 
Turning point Temp. Acid, % xl Press., mm 
dp/dT =O(J) ....... ; 120-5 89-5 0-425 316 
dp/dT = (K) make 125-9 92-0 0-499 207 
When dp/dT 0 the numerator of equation (3) must be zero, 7.e., the heat of formation of 1 


mole of liquid phase from the other two phases must be zero. Hence by using equation (7) the 
relative magnitude of H,,,, and H,,), can be obtained : 


AH. /AHvap L/xtl — ]/xs 0-35 
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When dp/dI = » the denominator of equation (3) is zero and the approximate form for AV can 
no longer be used. From equation (4) this turning point occurs when x" is given by the equation 

Lx vv VY) (VY VS). It will be noticed that neither of the turning points occurs 
when the saturated solution has the same composition as the solid; this would only occur if 
AH), Were equal to AH,,), or if the volumes of 1 mole of the liquid and solid phases were 
equal when +! was equal to 1°. 

Invariant Points —Congruent m. p.s do not occur with the other three hydrates. However, 
at point E the composition of the liquid phase is very close to that of the trihydrate, so the condi- 
tion fora maximum in the p-7 curve can possibly occur. The experimental points shown in the 
enlarged diagram, Fig. 2B, indicate that a maximum does occur, and from considerations of the 
AH values of the three systems in equilibrium at £ it can be shown that dp/dT is negative at the 
transition point. 

At any transition point three invariant systems, (X), (¥), and (2), are in equilibrium, v7z., 
two solid hydrates -++- vapour (system X), the lower solid hydrate + vapour + saturated 
solution (system Y), and the higher solid hydrate -+- vapour +- saturated solution (system 2). 
Naphthalene-$-sulphonic acid being represented by the symbol N, the lower hydrate is written 
as N,nH,O, the higher hydrate as N,( -+- vy)H,O, and the saturated solution as N,(” + y +-2)H,O; 
then the three invariant systems can be represented by the following equations : 


N,nH,0O (s) + yH,O (g) == N,( + v)H,0O (s) (X) 
N,(” -+- v)H,O (s) + zH,O (g) == N,(n + v )H,O (1) (Y) 
N,nH,O + (y + z)H,O (g) == N,(m + y +. 2)H,O (1) (Z) 


\s the third equation is obtained by summing the other two, then the same relationship will hold 
for the enthalpy changes, so that if AH,, AH,, and AH, represent the heat of formation of 1 mole 
of the phase occurring on the right-hand side of each equation then 


(mn + 4 INAH, +(n+y4 1)AH, (n +y¥ 4 + JAH, . . (8) 


Che values of AH,, \H,, and AH, can be obtained from the In P-1/7 curve for each system by 
using equation (6). These curves are found to be linear, but in the case of any system where +! 
approaches «* very closely in value, then AH can decrease to zero and change sign, as occurred 
in the case of the monohydrate. In system (Y) the liquid-phase composition approaches that 
of the solid phase more closely than in system (Z), so AH, can be expected to vary rapidly near a 
transition point where the composition of the saturated solution approaches that of the higher 
hydrate. In the case of the three transition points, the following AH values are obtained for the 
system (Y) in each case—the experimental value is that obtained from the In P-1/T curve by 
use of equation (6), the calculated value being obtained from AH, and AH, by means of 
equation (8). 


Heat of formation of 1 mole of liquid phase. 
AH, cal./mole 


lransition temp System %8 xl Exptl Cal 
20-5 N,8H,O-Satd. soln O-1)] 0-O752 3500 2500 
57°8 N,5H,O Satd. soln. 0-167 0-152 830 ‘ 62 
81-4 N,3H,O-Satd. soln 0-250 245 2540 3710 


The agreement between the experimental and calculated results at the lower transition 
temperature is within experimental error, but at the highest transition temperature, where 
x" and x* are most nearly equal, the calculated value for AH is markedly different from the 
experimental value and has changed sign, indicating that the p-T curve for this system has a 
negative slope at the transition point and so must have passed through a maximum in the 
immediate neighbourhood 
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190. Reactions of Fluorocarbon Radicals. Part VIII.* 
Alternative Syntheses for yyy-Trifluorocrotonic Acid. 
By R. N. HASZELDINE. 


Alternative syntheses for yyy-trifluoroc rotonic acid from trichloroiodo- 
methane and 3:3: 3-trifluoropropene or 3:3: 3-trifluoropropyne are 


described. The acid has K,; F 0-5 x 104 


PRIFLUOROCROTONIC ACID has been prepared from 3:3: 3-trifluoropropyne by addition 
of hydrogen cyanide followed by hydrolysis, and from acrylonitrile by reaction with 
trifluoroiodomethane followed by dehydroiodination and hydrolysis (Haszeldine, /., 
1952, 3490). Aiternative syntheses are now reported. 

Addition of trichloroiodomethane to 3: 3: 3-trifluoropropene yields 1 : | : I-trichloro- 
t: 4: 4-trifluoro-3-iodobutane which, when treated with a base and then with concentrated 
acid, yields yyy-trifluorocrotonic acid: 

Heat or HI H,S0O, 
CFyCH:CH, + CCIE > CFyCHI-CH,CCly ——> CFyCH:CH-CCl, ——> CFyCH:CH-CO,H 
Dehydroiodination and hydrolysis can also be effected by direct reaction of the trichloro- 
trifluoroiodobutane with concentrated sulphuric acid. 

In a second synthesis, trichloroiodomethane and 3: 3: 3-trifluoropropyne yielded 
| : 1 : 1-trichloro-4 : 4 : 4-trifluoro-3-iodobut-2-ene, which gave I: |: 1-trichloro-4:4: 4 
trifluorobut-2-ene on mild treatment with zine and hydrochloric acid. Acid hydrolysis of 
the allylic trichloromethyl group yielded yyy-trifluorocrotonic acid. 

The synthesis of the known trifluorocrotonic acid establishes the structure of 1:1: 1 
trichloro-4 : 4: 4-trifluoro-3-iodo-butane and -but-2-ene, and thus proves the direction of 
addition of trichloroiodomethane to the olefin and alkyne. On the assumption that the 
trichloromethyl radical initiates the reaction, it follows that its direction of addition is 
the same as for the trifluoromethyl radical or bromine atom (Haszeldine, J., 1952, 2504; 
K. Leedham, unpublished data on 3: 3: 3-trifluoropropyne). 

Phe ionisation constant of yyy-trifluorocrotonic acid is 7 + 0-5 « 104 at 25°, and is of 
interest for qualitative comparison with K,, for related acids. The influence of the 
trifluoromethyl group is apparently relayed to an appreciable extent through the vinylic 
system by induction and resonance of the type postulated earlier (J., 1952, 3490) 


(~ Cy°CH-CH-CO,H), since for crotonic acid Kg; 2-0 x 10° (Dippy, Chem. Reviews, 
1939, 25, 151). Henne and Fox (J. Amer. Chem. Soc., 1951, 78, 2323) measured Ky, for 
#86-trifluoropropionic acid (1 < 1073) and yyy-trifluorobutyric acid (7 * 107°) and thus 
showed that the effect of the trifluoromethyl group is shielded only partly by one methylene 
group and incompletely even by two such groups, since the ionisation constants are some 
70 and 5 times those of propionic and butyric acids, respectively. In yyy-trifluorocrotonic 
acid the -CH°CH- group (with ¢vans-substituents) thus has about the same shielding effect 
as a CEI, group. 
EXPERIMENTAL 
yyy-Llrvifiuorocrotonic Acid.—(a) Trichloroiodomethane (b. p. 141°, by isoteniscope) (3-1 g.), 
prepared from bromotrichloromethane and aluminium tri-iodide, was heated to 200° for 24 
hours in a sealed tube with 3: 3: 3-trifluoropropene (1-2 g.), prepared as already described 
J., 1952, 2504). Distillation gave 1:1: 1-trichloro-4: 4: 4-trifluoro-3-iodobutane (57%), 
b. p. 120°/53 mm., ca. 210°/760 mm. (micro) (Found: C, 13-9; H, 0-8. C,H,Cl,F;I requires 
C, 141 H, 0-9°%), hexachloroethane (15°%), and starting material. To the chlorofluoro- 
iodobutane (4:3 g.) in ethanol (12 ml.), cooled in ice, was slowly added with stirring a 10°¢ 
excess of 10°, ethanolic potassium hydroxide. After dilution with ice-water, the lower layer 
was removed, sealed with concentrated sulphuric acid (5 ml.), and slowly heated to 80° for 


) 
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6 hour After dilution with water, ether-extraction followed by purification as described 
earlier (J., 1952, 3490), gave yyy-trifluore xcrotonic acid (51°). Chloride ion is formed during 
the dehydroiodination step, but the product (presumably CFyCHI*CH:CCl,) does not give 
interfering acid products during the subsequent hydrolysis 

By an alternative procedure 1: 1: 1-trichloro-4 : 4: 4-tritluoro-3-iodobutane (3-2 g.) [pre- 
pared by exposure of trichloroiodomethane (4:0 g.) and 3:3: 3-tritluoropropene (1-4 g.) to 
ultra-violet light at room temperature for 24 hours, followed by distillation] was heated at 
100° with concentrated sulphuric acid (7 ml.) for 15 hours. Dilution with water, followed by 
ether-extraction, extraction of the acid fraction from the ethereal extract by aqueous sodium 
hydroxide, re-acidification, and ether-extraction, followed by purification as earlier, gave 
yyy-tritluorocrotonic acid (48°, The residual ethereal extracts gave unchanged trichloro- 
trifluoroiodobutane (17°,) on distillation. 

b) Trichloroiodomethane (4:5 g.) and 3: 3: 3-tritluoropropyne (/., 1951, 2495) were exposed 
to a “‘ Hanovia”’ ultra-violet lamp for 36 hours at room temperature to give, after distillation, 
1:1: 1-trichloro-4 : 4: 4-trifluoro-3-iodobut-2-ene (74%), b. p. 108°/27 mm. (Found: C, 14-2; 
H, 0-2. C,HCI,F,I requires C, 14:1; H, 0-3°¢). The butene (2-8 g.) was heated under reflux 
with dilute hydrochloric acid (15 ml.) and zinc (ca. 1 g.) during 3 hours. Extraction with ether, 
followed by drying (P,O,) and distillation of the ethereal extracts, gave 1: 1: 1-trichloro-4: 4: 4- 
trifluovobut-2-ene (63%), b. p. 128—130° (Found: C, 22-6; H, 0-7. C,H,Cl,F, requires C, 22-5; 
H, 0-994). By comparison with cis- and trans-1: 1:1: 4:4: 4-hexatluorobutenes, b. p. 33-5° 
and 8-5°, it would appear that the trichlorotritluorobutene is the trans-isomer. Hydrolysis of 
the butene with concentrated sulphuric acid as described under (a) above gave yyy-trifluoro- 
crotonic acid (68%). 

Tonisation Constant of yyy-Trifluorocrotomic Acid.-An initial potentiometric titration of 
yyy-tritluorocrotonic acid solution against carbonate-free sodium hydroxide solution by use of 
a Cambridge Instrument Co. pH meter gave A,; = 7-0 +. 0-2 « 10-4, it being assumed that at 
half-neutralisation point pH = pK (see, however, Bennett, Brooks, and Glasstone, J., 1935, 
1821). A second value was obtained by conductimetric measurements on yyy-trifluorocrotoni 
acid (made up by weight in carbonate-free distilled water) and sodium yyy-trifluorocrotonate 
made by exact neutralisation with carbonate-free sodium hydroxide solution by using the 


potentiometric titration data obtained earlier). The conductivity apparatus and techniques 
described earlier (Haszeldine and Woolf, Chem. and Ind., 1950, 544; Emeléus and Haszeldine 
/., 1949, 2953) were used to obtain the following results at 25-0° +. 0-1 

C (g-equivi fl.) 2 s.c000 0-10 0-05 0-025 0-010 0-001 

Di ta cesmcanaasveaacnaamasees . 31-66 43-91 60-61 91-11 217:8 

For sodium yyy-tritluoroc rotonate, dilution by weight being used, A S6-1 (¢ 1 »« 103 

and 86-3 (¢ 5 <x 10-4); a second determination with a fresh solution of the sodium salt 
C = 6-67 x 10-4) gave A = 86-4. Application of Onsager’s equation gave A, = 88-6, 88-1 
and 88-6, respectively, whence a value of Ag = 88-5 was taken. By using ionic conductivities 
Nat 50-1, H?* 349-7 (McInnes, Shedlovsky, and Longsworth, J. Amer. Chem. Soc., 1932, 


54, 2758), A, for CF,*CH:CH°CO,H is calculated as 388-1. A precise calculation of Ky, is not 
merited by the experimental method used. The good agreement between values of K,, 


calculated by using Ostwald’s equation at the various concentrations (7-2 +. 0-1 x 1074) is 
purely fortuitous, and, allowing a much larger experimental error, K,, = 7:0 +. 0-5 lus 
The degree of ionisation (A/A ») at C = 0-10 is 0-082, and should be compared with CF,°CO,H 


0-88; C,F,°CO,H, 0-88; CF,°CH,°CO,H, 0-093; CF,°[(CH,],°CO,H, 0-026; C,H,;-CO,H, 0-012 
and C,H,°CO,H, 0-012 
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191. (Chemistry of Indanthrone. Part VIII.* 3: 3'-Dimethyl 
Derivatives of Indanthrone and Flavanthrone. 


3y WILLIAM BRADLEY and Harry E. NURSTEN. 


30th in its properties and the methods available for its preparation 3: 3’ 


dimethylindanthrone resembles indanthrone and ditfers from 3: 3’-di-tert.- 
butylindanthrone. 


In Part V (J., 1951, 2170) we described the preparation and properties of 3 : 3’-di-fert.- 
butylindanthrone and mentioned several unexpected aspects of its chemistry. The un 
usual features were considered to result from the presence of fert.-butyl groups as 3: 3’- 
substituents and this view has now been tested by a study of the dimethyl analogue. 

Heated with concentrated nitric acid at the boiling point 0-(/-toluoyl)benzoic acid gave 
mainly the 3’-nitro-derivative (I; X NO,), but o-(4-methyl-2-nitrobenzoyl) benzoic acid 
and p-nitrotoluene were formed in small amounts. Under the same conditions 0-(p-fert.- 
butylbenzoyl)benzoic acid gave a higher yield of 0-(4-/ert.-butyl-2-nitrobenzoyl)benzoi 
acid and p-nitro-fert.-butylbenzene. 

Reduction of the 3’-nitro-acid gave o-(3-amino-4-methylbenzoyl)benzoic acid (I; 
X = NH,), and from this 2-amino-3-methylanthraquinone (II; X = H) was obtained 
in low yield, together with l-amino-2-methylanthraquinone, by heating with sulphuric 
acid. The use of the methyl ester of the 3-amino-acid did not improve the yield, but 
a better result was obtained with methyl o0-(3-diacetylamino-4-methylbenzoyl) benzoate. 
The 3’-amino-acid yielded a triacetyl derivative (III); this also proved difficult to convert 


OAC 
i 


_NAc, 
4 ve N W; ae “4 \ jo Me 
SX 7 SNH, ‘O 
| | Me yMe 
CO,H m6 CO 
(1) (II) (IIT) 


into a derivative of anthraquinone. Unlike 2-amino-3-tert.-butylanthraquinone the 3- 
methyl analogue was easily substituted by bromine, 2-amino-1-bromo-3-methylanthra- 
quinone (II; X = Br) being formed. When heated with potassium hydroxide at 220 
2-amino-3-methylanthraquinone gave 3: 3’-dimethylindanthrone (IV) in small yield; 
there was no indication of the formation of a flavanthrone derivative, nor did the latter 
result at 300°. In contrast the 3-fert.-butyl analogue afforded a flavanthrone derivative in 
small yield at the lower temperature and readily at the higher. The same 3 : 3’-dimethy]- 
indanthrone resulted also when 2-amino-1-bromo-3-methylanthraquinone was heated with 
cupric acetate and sodium acetate. Heated with antimony pentachloride in nitrobenzene 
2-amino-3-methylanthraquinone afforded 3: 3’-dimethylflavanthrone (V). 2-Amino-3- 
fert.-butylanthraquinone did not react under these conditions. Thus in the reactions with 
both potassium hydroxide and antimony pentachloride 2-amino-3-methylanthraquinone 
resembles 2-aminoanthraquinone, and the exceptional properties of 2-amino-3-tert.-butyl- 
anthraquinone must be attributed to the ¢ert.-butyl group. A product described as 3 : 3’- 
dimethylindanthrone has been prepared by the oxidation of 2-amino-3-methylanthra- 
quinone and by the elimination of hydrogen bromide from 2-amino-1-bromo-3-methyl- 
anthraquinone (D.R.-P. 238,979). Preparations of 3 : 3’-dimethylflavanthrone are given 
in D.R.-P. 599,246 and 599,914. 

The principal interest of the present work is to emphasise the effect of fert.-butyl groups 
in promoting the formation of flavanthrone derivatives and in restraining the formation of 
the corresponding indanthrone compounds. In Part I (Bradley and Leete, J., 1951, 2129) 
it was shown that the conversion of 2-aminoanthraquinone into indanthrone on fusion with 
alkali hydroxides depends on the intermediate formation of the anion (VI; R H) and 
its further reaction with 2-aminoanthraquinone. That a 3-methyl substituent (VI; 
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R == Me) has little effect on the course of the change is not unexpected, but a 3-tert.-butyl 
substituent (VI; R = CMe,) should reduce the rate by steric hindrance. The same effect 
would favour the alternative course of reaction which proceeds through the carbanion 
(VII; R = CMe.) and results in the observed formation of 3 : 3’-di-tert.-butylflavanthrone 
(Part V). 


CO 
CO CO NH 
Me Me \ R 
HN N / ~ oe (VI) 
co CO 
Y NH y N CO 
Me NN A Me i Re? 
CO CO \ \ : 
(IV) (V) CO (VII) 


3: 3’-Dimethylindanthrone is less stable than indanthrone towards illumination in 
chlorobenzene but more stable than the 3 : 3’-di-¢ert.-butyl analogue ; the progression follows 
that of ease of electron release in the series H, Me, CMe,. The solubilities of the three 
compounds in chlorobenzene increase in the same order. Compared with NN’-dimethyl- 
indanthrone (Bradley and Leete, Joc. cit.), 3: 3’-dimethylindanthrone is much less soluble 
in organic solvents, a further confirmation of the occurrence of intermolecular hydrogen- 
bonding in indanthrone and its simple nuclear-substituted derivatives. 

Both l-amino-2-methyl- and 2-amino-3-methyl-anthraquinone afforded N-diacetyl 
derivatives with ease (cf. Sudborough, Proc., 1901, 17, 45), and 1-diacetylamino-2-methyl- 
anthraquinone yields 1-acetamido-2-methylanthraquinone when it is chromatographed on 
alumina from a cold solution in benzene. 


EXPERIMENTAL 

Methyl o-(4-Methyl-3-nitrobenzoyl)benzoate.—Nitration of o-(4-methylbenzoyl)benzoic acid 
using nitric acid and concentrated sulphuric acid essentially as in B.1.0.S. 987, p. 146, gave 
colourless leaflets, m. p. 208—209°, with some previous sintering (Found: C, 63-3; H, 3-5; N, 
4-5. Calc. for C,,H,,O,N: C, 63-2; H, 3-9; N, 49%). B.1.0.S. 987 (loc. cst.) states m. p. 
196—198°; no analysis is recorded. 

Methyl o-(4-methyl-3-nitrobenzoyl)benzoate crystallised from methanol in colourless rhombs, 
m. p. 108—109° (Found: C, 64:3; H, 4:4; N, 5:0. C,.H,,0,;N requires C, 64-2; H, 4:3; N, 
re 
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4-methylbenzoyl)benzoic acid 


o-(4-Methyl-2-nitrobenzoyl)benzoic Acid.—A solution of 
(20 g.) in nitric acid (d 1-42; 100 c.c.) was refluxed for an hour. On cooling, the 3-nitro-deriv- 
ative (21 g.) separated. The mother-liquor was distilled in steam; colourless crystals, m. p. 
49-——50° (0-2 g.), formed in the distillate. Crystallisation from methanol gave needles, m. p 
51—-52°, not depressed by admixture with p-nitrotoluene. Evaporation of the methano 
mother-liquor gave a mixture of oil and crystals, and this, crystallised from toluene and then 
in turn from benzene, toluene, and alcohol—light petroleum (b. p. 60—80°), gave colourless, 
prismatic needles, m. p. 188—189-5°, which were not quite pure (Found : C, 62-5, 62-7; H, 3-8, 
4-0; N, 4:8°,). Admixture with the 3-nitro-compound depressed the m. p. to 170—185°. 

0-(3-A mino-4-methylbenzoyl)benzoic Acid.—A solution of the 3-nitro-acid (10 g.) in aqueous 
ammonia (d 0-880; 250 c.c.) was added to ferrous sulphate crystals (75 g.) in water (100 c.c.). 
Che mixture was boiled for 15 minutes, then filtered. The filtrate, evaporated to small volume 
and then acidified with acetic acid, gave an oil which crystallised partly (8-8 g.). Repeated 
crystallisation from toluene gave pale yellow crystals of 0-(3-amino-4-methylbenzoyl)benzotc acid, 
m. p. 197-5° (decomp.) (Found: C, 70-7; H, 5-1; N, 5-8. C,;H,303N requires C, 70-6; H, 
5-1; N, 55°). In B.L.O.S. 987, p. 147, a product, m. p. 127—130°, is stated to be the 
3-amino-acid. It was prepared by reduction of the 3-nitro-acid with hydrogen and nickel. 

Methyl o-(3-amino-4-methylbenzoyl) benzoate, obtained by esterifying the 3-amino-acid, m. p. 
197:5°, or by reducing methyl] 0-(3-nitro-4-methylbenzoyl) benzoate with iron and hydrochloric 
acid in aqueous methanol, formed colourless prisms, m. p. 116-5—117-5° (Found: C, 71-3; 
H, 5:5; N, 5-6. C,gH,;0,N requires C, 71-4; H, 5-6; N, 5-2%). Acetylation with acetic 

‘ 


anhydride and pyridine at the b.p., followed by cooling, afforded methyl o-(3-diacetylamino-4- 
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methylbenzoyl)benzoate, m. p. 127—127-5° (Found: C, 67-7; H, 5:5; N, 3-7. CygH,O;N 
requires C, 68-0; H, 5-4; N, 40%). It crystallised from alcohol in colourless tablets When 
the acetylation mixture was added to water an oil separated which later solidified. Kecrystal- 
lisation from alcohol light petroleum (b. p. 60—80°) gave colourless needles of methyl o-(3- 
acetamido-4-methylbenzoyl) benzoate, m. p. 209—210° (Found: C, 69-1; H, 5-2; N,4-6. C,,H,,;0,N 
rm, 61: N,4«7% When the acetylation was continued for 7 hours the pro 
duct which separated on cooling was a triacetyl derivative (III) (yield 78°, After repeated 
crystallisation from alcohol—light petroleum (b. p. 60— 80>) this was obtained as colourless 
crystals, m. p. 182° (Found: C, 66-1, 66-3; H, 5-2, 4-9; N, 3-7, 3-9. C,,H,,O,N requires 
C, 66-2: H, 5-0; N, 3-7%). 

1-A mino-2-methylanthraquinone and 2-Amino-3-methvlanthraquinone.—A solution of the 
triacetyl derivative (3 g.) in sulphuric acid (30 c.c.) was heated at 175° for 10 min., then cooled 
and added to water. The precipitate after extraction with boiling 5°, sodium carbonate 
solution gave an insoluble product (1-5 g.).. This was chromatographed in benzene on alumina, 
and l-amino-2-methylanthraquinone was isolated from the more mobile zone as silky red 
needles, m. p. 207—207-5° (0-17 g.) (Found : C, 76-0; H, 4-7; N, 5-9. Calc. forC,,H,,O.N : C, 
76:0; H, 4:6; N, 5-9%). (Roemer and Link, Ber., 1883, 16, 695, state m. p. 202 From the 
less mobile band 2-amino-3-methylanthraquinone was obtained as orange needles, m. p. 261 
262° (0:25 g.) (Found: C, 75-7; H, 4-6; N, 6-2%). G.P. 281,010 states m. p. 258—259°, but 
no analysis is recorded. 

The cyclisation of methyl] o0-(3-amino-4-methylbenzoyl)benzoate under the same conditions 
gave l-amino-2-methylanthraquinone (6%) and 2-amino-3-methylanthraquinone (12°,). The 
use of the free acid gave low yields of impure material. Methyl o-(3-diacetylamino-4-methyl- 
benzoyl)benzoate gave 7% of l-amino-2-methylanthraquinone and 13% of 2-amino-3-methy] 
anthraquinone after 10 min., and 13% and 24% of the two isomers, respectively, after an hour. 
Neither isomer gave a colour with methanolic potassium hydroxide in pyridine (cf. Bradley and 
Leete, /., 1951, 2129). 

1-Diacetylamino-2-methylanthraquinone resulted when l-amino-2-methylanthraquinone (0-18 
g.) was refluxed with acetic anhydride for an hour. The product, obtained by evaporation to 
small volume and cooling, separated as crystals (0-21 g.), and these, further purified from 
alcohol and then from acetic acid, gave pale yellow rhombs, m. p. 203-5—204-5° (Found : ¢ 
71-3; H, 45; N, 4-7. ©,H,,0,N requires C, 71-0; H, 4-7; N, 4-4%). 

1-A cetamido-2-methylanthraquinone was formed when 1-diacetylamino-2-methylanthraquinone 
(0-1 g.) was chromatographed in benzene on alumina. The single pale yellow band gave yellow 
needles (0-07 g.), m. p. 217° (Found: C, 73-0; H, 4:7; N, 4:8. C,,H,,;0,N requires C, 73-1; 
H, 4:7; N, 5-0%). A mixture with ]-diacetylamino-2-methylanthraquinone melted below 180°. 
Roemer and Link (loc. cit.) describe a product, m. p. 176—177°, as 1-acetamido-2-methylanthra- 
quinone, but it was light red and for this reason may have contained 1-amino-2-methylanthra 


requires C, 68-7; 


quinone. 

2-Diacetylamino-3-methylanthraquinone was prepared by refluxing 2-amino-3-methylanthra 
quinone with acetic anhydride for 5 hours. The product, crystallised from acetic anhydride, 
formed faintly yellow clusters, m. p. 209—210° (Found: C, 70-9; H, 4:9; N, 4:1. CygH,;O,N 
requires C, 71-0; H, 4-7; N, 4-4%). 

2-4 mino-1-bromo-3-methylanthraquinone.—To a solution of 2-amino-3-methylanthraquinone 
(0-35 g.) in acetic acid (30 c.c.) were added water (6 c.c.) and then 12 c.c. of a solution of bromine 
(1 c.c.) in acetic acid (100 ¢.c.). The mixture was heated for 2 hours on the steam-bath and then 
added to water. The precipitate (0-43 g.) was chromatographed from benzene on alumina; it 
gave a single, orange, main zone. From this 2-amino-1-bromo-3-methylanthraquinone was 
eluted by means of acetone. Crystallisation from acetic acid gave rosettes of orange needles, 
m. p. 204—204-5° (Found: C, 57:2; H, 2-8; N, 4:7; Br, 25:15. C,,;H,)O,NBr requires C, 57-0; 
H, 3:2; N, 4-4; Br, 25-39%). The compound formed a greenish-yellow solution in concentrated 
sulphuric acid. Its yellow-orange solution in pyridine became greener on the addition of meth- 
anolic potassium hydroxide. This compound is mentioned in D.R.-P. 238,979 but no preparation 
is given. Heated with benzoyl chloride and pyridine at the b. p. for 12 hours the amine afforded 
1-bromo-2-dibenzoylamino-3-methvlanthraquinone, which crystallised from alcohol as pale yellow 
needles, m. p. 243—244° (Found : C, 66-3; H, 3-6; N, 2-7; Br, 15°15. C,,H,,0O,NBr requires 
C, 66:4; H, 3-4; N, 2-7; Br, 15-39%). 

3: 3'-Dimethylindanthrone—This was prepared from 2-amino-1-bromo-3-methylanthra- 
quinone (0-5 g.) essentially as described in D.R.-P. 238,979 except that o-dichlorobenzene (30 
c.c.) was employed as solvent and anhydrous sodium acetate (0-5 g.) with a small proportion of 
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cupric acetate as the condensing agent. After 24 hours’ retluxing the insoluble material was 
washed with hot o-dichlorobenzene, methyl alcohol, water, and finally methyl alcohol. The 
product consisted of blue needles (0-25 g.)._ The following supplements the description given in 
the above patent. After extraction with boiling quinoline (250 c.c.) the insoluble material 
Found: C, 75-8; H, 3-7; N, 5-8. Calc. for C,H,,0,N,: C, 766; H, 3:8; N, 6-:0%) gavea 
greenish-blue solution in 1-chloronaphthalene, which at a concentration of ca. 0-001°, showed 


maximum light absorption at 770 (e¢ = 2-90 x 10‘) and 705 my (ce = 2:27 x 104). A similar 
solution of 3: 3’-di-tert.-butylindanthrone (/J., 1951, 2170) showed maximum absorption at 
796 (« = 3-32 x 10) and 727 mu (e = 2-60 x 10*). In concentrated sulphuric acid 3: 3’- 


dimethylindanthrone gave a brown solution with the following maxima at ca. 0-001% concen 
tration : 
Max. (my) . idendgsncceuaneces ll ae 299 335 410 468 840 : 
l0‘e . ames w. 2:48 5-01 3:66 1-28 1-16 1:76 1-72 
A solution in 1-chloronaphthalene became green on exposure to light, but the change was slower 
than with the 3: 3’-di-tevt.-butyl analogue. The blue solution in pyridine became green on the 
addition of methanolic potassium hydroxide and dull olive with excess of the reagent. The 
further addition of methy! alcohol restored the blue colour. 

3: 3’-Dimethylindanthrone also resulted when 2-amino-3-methylanthraquinone (0-2 g.) was 
heated with potassium hydroxide (5 g.) at 220° for 20 minutes. The cooled product was added 
to hot water (70 c.c.) containing a small proportion of sodium dithionite, the resulting suspension 
was filtered, and the filtrate aerated. The precipitate was collected, dried, and extracted with 
hot o-dichlorobenzene; the filtered extract afforded 3: 3’-dimethylindanthrone (0-01 g.) on 
cooling. 

3: 3’-Dimethylflavanthrone.—A solution of antimony pentachloride (0-5 c.c.) in nitrobenz- 
ene (2 c.c.) was added to one of 2-amino-3-methylanthraquinone (0-2 g.) in an equal volume of 
the same solvent. The mixture was refluxed foran hour. The colour changed rapidly to brown 
and a solid separated. On cooling, this was collected, and washed in turn with nitrobenzene 
and alcohol. 3: 3’-Dimethylflavanthrone (0-037 g.) formed bronze needles (Found: C, 80-9; 
H, 3°7;.N, 6-2. Cy9H,,O.N, requires C, 82-6; H, 3-7; N, 6-4%) which dissolved in concen- 
trated sulphuric acid with an orange colour, and in alkaline sodium dithionite forming a blue 
solution. Methanolic potassium hydroxide added to the pale yellow solution in hot pyridine 
caused a colour change to green, and with more of the reagent to blue. 
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192. The System Silicon Tetrafluoride-Trimethylamine. 
By C. J. Witkins and D. K. GRANT. 


Pressure-composition isotherms show that silicon tetrafluoride and 
trimethylamine form two crystalline compounds, Sil’y,NMe, and SiF,,2NMe,. 
Both compounds sublime congruently at atmospheric pressure, and melt 
congruently at higher pressures. Since no comparable system appears to 
have been examined previously, the equilibria involved in the interconversion 
of the compounds, and the conditions determining whether sublimation will 
be congruent or incongruent, are discussed theoretically. 


THE behaviour of halides of Group Iv elements towards co-ordinating reagents has not 
been extensively studied, but several recent reports indicate a certain complexity in the 
interactions of silicon halides with tertiary amines, in so far as one or more compounds of 
the types AB, AB,, and AB, (A = halide, B = amine) have been identified in various 
systems. Trost (Nature, 1952, 169, 289) found that a number of tertiary amines form 
both AB, and AB, compounds with silicon tetrachloride, and that dimethylaniline forms 
an AB compound as well. Miller (cbzd., 1946, 158, 950) reported the AB compound, 
SiF,,NMe,. Burg (“‘ Fluorine Chemistry,” Vol. I, J. H. Simons, editor; Academic Press, 
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New York, p. 108) confirmed the existence of this compound and also mentioned (:bid., 
p. 109) the compound SiHF,,NMe,. 

The present paper deals with the system silicon tetrafluoride-trimethylamine as it 
shows certain unusual features. In preliminary experiments on compound formation 
between amines and various silicon fluorides it was noticed that a second compound, 
Sik’,,2NMes, is also formed in this system, and indeed, of the systems examined in a wider 
investigation, it alone yielded AB and AB, addition compounds. Moreover, the system 
is most unusual as regards the phase equilibria involved. So far as could be ascertained, 
no comparable system containing two volatile components and forming two compounds, 
both of them melting congruently and at least one of them subliming congruently, is known 
with certainty. 

The existence of two addition complexes is shown by the form of the pressure-com- 
position isotherm (Fig. 1), determined by making successive additions of trimethylamine 
to silicon tetrafluoride. The sharp breaks which occur close to the 1 : 1 and 1 : 2 molecular 
ratios indicate the formation of a | : 1 compound which is converted into a 1 : 2 compound 
by reaction with more amine. Beyond the 1:2 molecular ratio excess of gaseous amine 
accumulates until condensation of liquid occurs. Both compounds were appreciably 
volatile at 0°, and the detailed theoretical form of the isotherm is discussed below. Com- 
plementary experiments on the quantitative synthesis of the compounds indicated that, 
with excess of silicon tetrafluoride the | : 1 complex is formed, and with excess of trimethyl- 
amine the 1 : 2 complex. 

Vacuum distillation of the latter complex leads to almost quantitative deposition of 
the former when the vapour is pumped through a trap at —55° (or lower). The crystalline 
mono-compound is not, however, the stable solid phase because it slowly reacts with 
trimethylamine under the experimental conditions. Conversion of the di- into the mono- 
complex upon distillation is evidently due to rapid formation from the dissociated vapour 
of crystals of the latter which undergo no appreciable conversion into the former before 
the remaining uncombined trimethylamine is pumped from the trap. An excess of tri 
methylamine was used by Miller (¢b¢d., and private communication) in the experiments 
leading to identification of the 1:1 complex. The procedure involved a vacuum dis- 
tillation in which at least some (and perhaps the greater part) of the 1 : 2 complex which 
was doubtless formed was distilled through a trap at —55°, so causing its decomposition. 

The freezing-point curve (Fig. 2) confirms the existence of both compounds. A 
maximum occurs at 89° and about 67°% of trimethylamine, a eutectic at 72:5° and 55-5°/, 
of amine, and a plateau at 81-5° extends from about 50% to at least 44°4 of amine. It is 
assumed that the existence of the plateau is due to very low solubility of silicon tetra- 
fluoride in the melt, and there is no reason to believe that the compound melts incon- 
gruently. IFreezing-point measurements were not extended further into the tetrafluoride- 
rich region owing to the high pressures involved. From Table 1, which includes vapour- 


TABLE 1. 


SiF,,2NMe, 


PROUT MONE hesseiicecessveace. : 815° 80-0°* 89° 
Normal sublimation point ............ 63-5 63-5°* 63-0 
Dissocn. press. eqn. log fmm. veseee 11-774 — 2995/T 11-796 — 3001*/T 11-890 — 3029/T 
Lat. heat of subl., kcal.’mole_...... 13-7 13-7* 13-9 


pressure data, it will be seen that the m. ps. of the two pure compounds lie considerably 
above their normal sublimation points. The values for the 1:1 complex are in close 
accord with those given by Burg (marked *). The dissociation pressures of the two 
compounds are remarkably close (see also Table 3). As shown on p. 930, a theoretical 
consequence is that both compounds should sublime congruently, and this was confirmed 
by other experimental evidence. 

Vapour-density measurements indicate that the compounds are almost completely 
dissociated upon volatilisation. The vapour from SiF,,NMe, being assumed to behave 
as a perfect gas, the results corresponded to 91% dissociation at 42:1°. However, since 
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trimethylamine itself shows a negative deviation from ideal behaviour of almost 3°% at 
this temperature (Lambert and Strong, Proc. Roy. Soc., 1950, A, 200, 566) the actual 
dissociation figure must be even greater. 

Theoretical Form of the Pressure-Composition Isotherm.—-We shall consider in turn 
the isotherms for: (i) a system of two gaseous components, A and B, which yield a single 
volatile crystalline compound AB; (ii) a similar system forming a volatile crystalline 
compound AB, only; and (ili) the system silicon tetrafluoride-trimethylamine which 
forms both types of compound. It will be assumed that the compounds are completely 
dissociated upon volatilisation, and that the components behave as perfect gases both 
separately and in admixture. The pressure which a component would exert separately 
in the reaction vessel will be used as a measure of its quantity. 


Fic. 1. Pressure-composition isotherm at 0°. Fic. 2. Freecsing-point curve. 
800° i = a ae ee ee ee eee 90°; 
h 4 on 
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(i) Suppose there are initially a mm. (= aV/RT g.-mols.) of Component A and that 
6 mm. of component B are added. Let * mm. of each combine so that the relation 


(a — x)(b — x) 1P,? i vat Gre oe ee ee 
in which P, is the dissociation pressure of the compound, is satisfied. The total 
pressure P; exerted by the system is 

Pr a+b 2% . ° . . . . ‘ « “ 


and on elimination of x between (1) and (2), P; is found to be given by (the positive branch 
of) the hyperbola 


Pp = Via—b? +P? (3) 
ii) When a compound AB, is formed the equations corresponding to (1) and (2) are 
(a x)(b 2x)? 1P,3/27 ‘ ; . (4) 
and Pr=a+b—3% . (5) 


Elimination of x between (4) and (5) gives 
{Pp + (2a — b)}{2Pp — (2a — b)}? = 4P,3 

or 4P7* — 3(2a — b)?Pp + (2a — b)3 = 4P,3 ; . (6) 
The curve for this cubic equation has two branches 7UV and XYZ (Fig. 3), asymptotic 
to the lines P, (2a b) and 2P, (2a b). The branch TUV corresponds to 
negative values for the partial pressure of trimethylamine and must therefore be rejected. 

(iii) In the system silicon tetrafluoride-trimethylamine the crystalline | : 1 compound 
separates at P (Fig. 4) after addition of sufficient trimethylamine to pure silicon tetra- 
fluoride. The isotherm follows the hyperbola POR so long as this single solid phase is 
present. At S, or S’, a second crystalline phase Sil’,,2NMe, appears, and transformation 
of the 1:1 into the 1:2 compound continues along the horizontal tie-line to the point 
W or W’ on the (cubic) curve XYZ. 

3P 
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[he co-ordinates of the points S (or S’) and W (or W’) may be expressed in terms of the 
initial pressure of silicon tetrafluoride, a, and the dissociation constants, A, and Kg, of 
the 1: 1 and the | : 2 compounds, respectively. At S (or S’) the relations 
_ Pasir, Pum hs ery eS 
t Me 7 t "NMes ky, (4’) 
are both satisfied. Hence 


PNnMes KyY,/K,, and Pasir, K ,?/K, 


Now there were initially a mm. of silicon tetrafluoride, and at S (or S’) K,?/A, mm. remain 
in the gas phase, so that {a Kk ,?/K,} mm. of tetrafluoride have combined with this same 
quantity of amine to give the 1: 1 complex. There are also K,/K, mm. of amine in the 
gas phase, so that the total amine which has been added at this point is 

a K,?/K, + K.,/K, (7) 


Moreover, the total pressure at S (or S’) is given by 


Pr Psi¥, t PNMes K,? K, K, K, 8 
Fic. 3 Theoretical pressure—composition 
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Further additions of trimethylamine will cause transformation of the 1:1 into the 1:2 
compound, and the pressure will remain constant until the transformation is complete at 
the point W (or W’). The amount of trimethylamine required for this conversion will be 
{a — K,*/K,}, and so the total amine added at W (or W’) will be 


2a — 2K,?/K,+K,/K,. . . , im = © HE 


From (7) it will be seen that the point “S ”’ will lie at S to the right of the minimum Q 
(Fig. 4), at the minimum, or at S’ to the left of the minimum according as Ay A, is greater 


than, equal to, or less than K,?/ Kg, i.e., according as Ay >, =, or < A,?/*. Similarly, 
from (9) it follows that “‘ W ”’ will be to the right of, at, or to the left of the minimum Y 
according as K,/K, >, =, or < 2K,?/Kg, t.e., according as K, >, =, or < 4/2K,3?. It 


isevident that the positions of ‘“S”’ and “ W” determine whether the isotherm will show 
minima at the respective ends of the tie-line. This, in turn, will determine whether the 
pure compounds can exist in contact with vapour of the same composition. The con- 
clusions are summarised in Table 2. 

Che condition for congruent sublimation of both compounds, v7z., 4/2A,3* « A, ¢ A,3?, 


* In this section the equilibrium constants, K,, are not expressed in terms of dissociation pressures, 
since there is the possibility that one or other of the compounds may not sublime congruently. 
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may also be expressed as 8P, 24/2 « P, € 3P, 24/4; i.e., P, must not exceed 1-061P, 
or be less than OD45P). 
rhis criterion for congruent sublimation of both compounds is satisfied, since the 


measured dissociation pressures of the two (supposedly pure) compounds (Table 3) do lie 


TABLE 2. 
Position of Position of Type of Behaviour on sublimation 
Condition coo “e* isotherm SiF,,NMe, SiF,,2NMe, 
K, > /2K,3/2 Right of Q Right of Y Min. in hyperbola Congruent Incongruent 
K, = +/2K,3 ~— Right of Q At ¥ Min. in hyperbola ; Congruent Congruent 


lie-line intersects cubic 
curve at min. 


K, <4/2K,3" ~— Right of Q Left of Y Min. in hyperbola and Congruent Congruent 
K3r cubic 
Ky = At Q Left of Y Min. in cubic ; Congruent Congruent 


Tie-line intersects 
hyperbola at min 


K, < K,3/* Left of Q Left of Y Min. in cubic Incongruent Congruent 


within these limits. In confirmation, it was found that the pressure exerted by a mixture 
of the two compounds is greater than that of either of the pure compounds, thus indicating 
the presence of two minima in the isotherm. Moreover, the dissociation pressures of both 
compounds were found to be unchanged after portions were distilled off. 


EXPERIMENTAL 


The work was based on the use of a high-vacuum system. In addition to the usual fittings 
for purification, storage, and measurement of gases, special equipment was attached at ground 
joints as required. 

Preparation of Components.—Silicon tetrafluoride was obtained by heating barium fluoro- 
silicate in a steel tube in an electric furnace so as to maintain a steady evolution of gas. The 
gas was passed through concentrated sulphuric acid containing suspended silica, and collected 
in a liquid-air trap. It was purified by fractional condensation in the vacuum system, the 
material remaining uncondensed at — 130° being retained. 

Trimethylamine was boiled from aqueous solution, dried by passage through a tube con 
taining potassium hydroxide pellets, and condensed. Any mono- or di-methylamine was 
removed by use of phosphoric oxide (Coates, J., 1951, 2003) or acetic anhydride (Swift, /. 
Amer. Chem. Soc., 1942, 64, 115). The liquid was then distilled through a low-temperature 
fractionating column, and the distillate collected at 2-8—3-0 

Determination of Pressure-Composition Isotherm \ measured volume of silicon tetra- 
fluoride was distilled into a reaction bulb having a manometer attached. Successive measured 
quantities of trimethylamine were introduced, and the steady pressure noted after each addition. 
Up to the 1:1 molecular ratio reaction occurred very rapidly, but as the ratio Si, : NMe, 
approached 1: 2 attainment of equilibrium became progressively slower since transformation 
of solid phases was involved. 

Synthesis of the Addition Complexes.—When the 1: 1 compound was required, silicon tetra- 
fluoride was used in slight excess, and the uncombined gas pumped off at 50° after reaction 
was complete. The 1:2 compound was obtained by using excess of amine, but some 1: 1 
compound was formed initially and complete conversion was uncertain at room temperature 
The lower part of the reaction vessel was therefore warmed in a water-bath, and the solid 
distilled in the presence of the excess of amine on to the upper, cooler parts of the vessel. The 
reaction mixture was then kept at room temperature until the pressure had become constant, 
and the excess of amine removed at -—50°. In a typical quantitative experiment designed 
to yield the 1 : 2 complex, 33-7 ml. of silicon tetrafluoride and 89-5 ml. of trimethylamine were 
allowed to react at room temperature; the excess of amine was distilled off and found to measure 
21:7 ml. Hence the ratio SiF, : NMe, in which combination had occurred was 1: 2-01. 

Effect of Temperature on the Formation of SiF,,2NMe,.—The sample of 1: 2 compound 
mentioned in the previous section was allowed to volatilise slowly (at 0°), and the vapour 
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pumped through a trap at —55°. 34-2 MI. of trimethylamine passed into the liquid-air trap 
beyond, so that the condensate was of composition SiF, : NMe, 1: 1-00. 

rhe slow reaction of the crystalline 1: 1 compound with trimethylamine under these same 
conditions was demonstrated by distilling the trimethylamine back and forth through a trap 
containing the solid. Equivalent quantities of the complex and of trimethylamine being used, 
it was found that about 20°, of the latter was absorbed after 15 distillations. A more rapid 
reaction occurred when the amine was available at higher pressure 

Determination of the Freezing-point Curve.—Measured volumes of the two components were 
sealed into tubes 70 x 4 mm., and of wall thickness about 1 mm. The rather heavy wall 
reduced the accuracy of the determination but was necessary to withstand the high pressures 
involved. The tubes were shaken in a thermostat bath whose temperature was raised at 
intervals. Temperatures were noted (about 0-25° apart) at which the crystals just melted, and 
just failed to melt, and the average was taken as the freezing point (Collett and Johnston, /. 
Phys. Chem., 1926, 30, 70). The temperatures were reproducible to 0-5°, or less, for ditferent 
tubes containing the same composition. 

Vapour-density Determination.—The compounds were synthesised in a detachable weighing 
tube and distilled into a “ high-temperature bulb’ of known volume (Sanderson, ‘“‘ Vacuum 
Manipulation of Volatile Compounds,’’ Chapman and Hall, London, 1948, p. 79). The bulb 
was heated in a thermostat bath so that the solid volatilised completely, and the pressure 
was observed. In one experiment, 0-1593 g. of SiFy,NMe, exerted a pressure of 113-3 mm 
in 323-0 ml. at 42-1°, giving 0-908 for the ‘‘ degree of dissociation.” 

Measurement of Dissociation Pressures.—The isoteniscope used was of standard design 
(Sanderson, op. cit., p. 84), modified by substitution of a rotary control in place of the plunger 
for adjusting the amount of mercury in the limbs of the U-tube. The pure compounds were 
synthesised in the bulb of the isoteniscope before the thermostat bath was placed round the 
apparatus. Mercury levels were measured with a cathetometer and corrected to 0°. 

Table 3 sets out observed dissociation pressures for each compound, and for mixtures of 
the two compounds (Py: at the same temperatures. For comparison, we also include the 
theoretical dissociation pressure of the mixture calculated according to equation 8, viz., 


” 


Pimist) = K,2/K, + K,/K, = 27P,4/64P,° + 16P,3/27P,2 


> 


TABLE 3. 


Temp De ante tek ‘ 0° 20-75 35-0 49-7 62-85 
P,, mm : see 6-5 38-2 113-2 314 727 
a ae : : 6:3 37°5 113-2 317 750 
nist. ODS., mm key nene 6-5 38-4 114-1 321 752 
ne : 6:5 38-5 114-9 320 752 
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193. The Basic Character of Some Aromatic Ketones and of 
Their Methyl Ethers. 


By L. A. WILEs and E. C. BAUGHAN. 


Karlier work on hydrochloride formation by heterocyclic methoxy 
ketones (xanthones, thioxanthones, and anthraquinones) has been extended 
to aromatic ketones such as benzophenone, benzoin, benzil, and their o- and 
p-methoxy-derivatives. All the compounds form hydrochlorides. At low 
temperatures o-methoxy-ketones, in particular, absorb large quantities of 
hydrogen chloride. 

rhe solvent sulphuric acid has been used to investigate the basicity of 
ketones. The separate contributions of the methoxy- and keto-groups to 
the basicity of methoxy-ketones have been studied. Methoxyanthra- 
quinones are monoacid bases in sulphuric acid except when methoxyl groups 
are ortho to both carbonyl groups, in which case they become diacid bases. 

rhe monoketone benzophenone, and the diketones benzil and dibenzoyl- 
methane, are monoacid bases in sulphuric acid. The change of basicity in 
this solvent by interposing an increasing number of methylene groups between 
the carbonyl groups of a series of aromatic diketones has been investigated. 
It has been shown that dibenzoylpropane and higher members are diacid 
bases. 

A rough interpretation of these ionisation studies is given by the electro- 
static theory well known in its application to aliphatic dicarboxylic acids 


THE basic character of ketones and other oxygen-containing organic compounds has long 
been known. Unsubstituted saturated ketones have only very slight basic strength so that 
compounds with acids cannot be isolated at room temperature, but their basic nature is 
shown by solubility in concentrated sulphuric acid, and at low temperatures compounds 
stated to be polyhydrochlorides have been prepared. The increase in the basic strength 
of some heterocyclic ketones when a methoxy-group is substituted ortho to a carbonyl 
group was investigated by Smiles and his co-workers (/., 1929, 863, 1322; 1931, 520; 
1932, 1792), who studied the basic strengths of methoxythioxanthones and methoxy- 
xanthones, and by Roberts, who extended the work to methoxyanthraquinones (/., 1932, 
1982). o-Methoxy-ketones of these series are readily soluble in cold, concentrated hydro- 
chloric acid, and with hydrogen chloride form solid hydrochlorides at room temperature. 
If a methoxy-group is present in the molecule but is not ortho to a carbonyl group then the 
compound is only feebly basic, and it does not form a hydrochloride under these con- 
ditions. 

The object of this work was to investigate the basic properties of a number of aromatic 
ketones and their o- and #-methyl ethers. The research was developed along two main 
lines: (1) the absorption of hydrogen chloride by the compounds, (2) the ionisation of the 
compounds in sulphuric acid. The work is related to the effect of salt formation on the 
reducibility of the keto-group in methoxyanthraquinones already reported (Wiles, /., 1952, 
1358). 

(1) Absorption of Hydrogen Chloride—The ketones selected for examination were not 
sufficiently basic to be soluble in concentrated hydrochloric acid or generally to form stable 
hydrochlorides with hydrogen chloride at room temperature, but they took up hydrogen 
chloride when the temperature was lowered sufficiently, and a fairly sharp onset of this 
process was evident from the marked deepening in colour. In order to obtain results which 
could be compared numerically, the ketones were surrounded by a cooling mixture of solid 
carbon dioxide and acetone at —-78°, and the stream of hydrogen chloride was itself passed 
through anhydrous calcium chloride in a similarly cooled bath. The products were readily 
decomposed at room temperature and the starting materials were recovered. 

A few o-hydroxy-ketones were studied in a similar manner, and some observations on 
methoxyanthraquinones were also made for comparison with the earlier work of Roberts 
(loc. cit.). 


934 Wiles and Baughan: The Baste Character of 


he results are summarized in the Table and the following points are evident : (i) The 
presence of o- or p-methoxy-groups in a ketone molecule increases its ability to absorb 
hydrogen chloride. The hydrochloride formed in the process is markedly bathochromi 
(ii) The absorption of hydrogen chloride is usually most pronounced when a methoxy 
group is ortho to carbonyl (Nos. 3, 7, 8, 12, 16, 17), and is generally rather less with 
p-methoxy-compounds (cf. Nos. 3 and 5; 12 and 13). (iii) The presence of two carbonyl 
groups in an «-diketone does not markedly increase the hydrogen chloride absorption of 
o- or p-methoxy-ketones (cf. Nos. 12 and 3; 13 and 5). The basicity of «-diketones is 
considered more fully later. 


Mols. of HCl 
Compound Colour of product absorbed at —78 
Bencophenone 
l Benzophenone ............ iohapaeatal' . Dark yellow 4-1 
2 D2 EMPEROR i nsocsctiorseecans ; . Golden yellow 3:7 
3 25 Zi -APOBEMOKY oiccssecdscsssccsctserss.es CME YelOw LO-0 
$ 4-Methoxy- ..... disdavadsewesderhysvesiassss | Rae RENE 69 
D 4: 4’-Dimethoxy Gahataes : ..... Bright yellow 7 
Benzoins 
6 BeOnZOIN 6.2.50. ee Soe awales Mee eet Dark brown liquid 3°1 
7 FP ARMIN aise va csansasesaannss cca Brown liquid oS 
8 2: 2’-Dimethoxybenzoin methyl ether Yellowish-brown liquid 13-0 
) BS DIEOEYs icc sectsesescecks .. Yellowish-brown liquid 13-8 
Benzils 
10 PIODTI sess secs Ra achecnicauapenepeneteoes . Pale yellow 2-6 
11 Be APE MEEORY  « sicesassccieccasvensasxoeos Pale yellow 1-5 
12 De ERNIE) oe cesncvssdccieoaensasceess Dark brown 12-0 
13 4:4’-Dimethoxy- ..... siitieoesteiwers sen | RORIRDE VOW 74 
Anthraquinones 
14 PEUIEUIOORE occ siccivacccsvesosiersenest No visible colour change 2-4 
15 A PME AMM UARRNIO D555 ecs'euu gs cepenevees saves . Reddish-yellow 2-8 
16 ES S-DPUMCRORY~  .ncsccsossevencens wee Reddish-brown 63 
17 1:4:5:8-Tetramethoxy-............... Dark purple 11-0 


Discussion-—In view of the colour changes it seems certain that the absorption of 
hydrogen chloride must, in part, be attributed to compound formation. The addition of 
the first molecule toa simple ketone doubtless forms a hydrogen bond to the polar carbony] 


group, >C—O----H—Cl. When a methoxy-group is also present in the ketone molecul: 
a further addition might occur in a similar manner to the oxygen of the methoxy-group 


MeO----H—Cl. However, the evidence presented on p. 936 shows that a separate 
contribution by a methoxy-group to the basic strength of an aromatic ketone is unlikely. 

Che manner of subsequent addition of large numbers of molecules of hydrogen chloride 
to the ketones is not clear. That compound, formation is not wholly responsible is shown 
by the absence of any stoicheiometric relationships. It may be that the additional numbers 
of molecules of hydrogen chloride measure the solubility of the gas in the highly polar 
medium formed by the addition of one molecule of hydrogen chloride to the carbonyl group. 
It is noteworthy that the most basic methoxy-ket ones are not necessarily those which absorb 
the most gas; e.g., 1: 8-dimethoxyanthraquinone (No. 16) is readily soluble in concen- 
trated hydrochloric acid, but only absorbs about 6 mols. of hydrogen chloride at --78°, 
whereas 2: 2’-dimethoxybenzil (No. 12), although insoluble in concentrated hydrochlori: 
acid, absorbs 12 mols. at this temperature. 

This solubility hypothesis receives general support from the results. It has long been 
considered that o-methoxy-ketones form relatively stable salts by linking a proton between 
the carbonyl and methoxyl groups to form an ion which has a six-membered chelate ring (1 
More recently Wiles (/oc. cit.) produced additional evidence for this bond by finding that the 
polarographic reduction of the keto-group, when involved in salt formation, was hindered. 
For p-methoxy-ketones the electron-releasing ability of a methoxy-group will enhance the 
polarity of the carbonyl group, and two #-methoxy-groups will raise the polarity still 
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further (Nos. 4, 5, 9, 13). Aromatic o-hydroxy-ketones have a six-membered chelate-ring 
structure (II). The hydrogen bridge would be expected to reduce the polarity of the keto- 
group and the absorption of hydrogen chloride is, in fact, diminished (Nos. 2 and 11). 
lhe case of 1 : 8-dihydroxyanthraquinone (No. 15; III) is of interest. The bonding of 
one of the carbonyl groups still leaves the other group free to exhibit its polarity, and there 
is no diminution in the ability to absorb hydrogen chloride. 


Me 
H, ‘ > 
\ 4 O ee 
( 
On OMe Rare ( Cc 
ie) e) OMe 
1) (IT) II! (IV) 


Although in the work now described low temperatures were needed to form the hydro- 
chlorides, instances are known where polyhydrochlorides are formed by o-methoxy-ketones 
at room temperature. Thus 1-methoxy-4-methyl-10-thioxanthone (1V) forms a trihydro- 
chloride in correct stoicheiometric proportion (Roberts and Smiles, J., 1929, 863). 

At room temperature the addition of hydrogen chloride to methoxy-ketones such as (IV) 
occurs in integral proportions, but at low temperatures the values of HCl ketone are not 
generally integral. Stobbe and Haertel (Annalen, 1909, 370, 113), who studied the form- 
ation of polyhydrochlorides by unsaturated aromatic ketones at low temperature, also found 
a divergence from whole-number ratios. An examination of the analytical figures recorded 
for many polyhydrohalides has revealed frequent lack of simple stoicheiometric relation- 
ship; e.g., the polyhydrochloride of benzophenone, although represented as COPh,,7HCI 
(Maass and McIntosh, J. Amer. Chem. Soc., 1911, 33, 70), actually contained 6-6 mols. 
of HCl. 

(2) Iontsation in Sulphuric Actd.—-The experiments on hydrochloride formation 
described above, while yielding results of some general interest, did not satisfactorily 
advance the enquiry into the basic properties of ketones and their methyl ethers, since it 
was not possible clearly to distinguish chemical from physical effects. The research along 
this line was therefore discontinued, and the investigation turned to a study of the ionisation 
of ketones in sulphuric acid. 

Cryoscopic studies in sulphuric acid have long been used to investigate the mode of 
ionisation of very weakly basic compounds in a strongly acid medium. From 1907 to 
1930 Hantzsch employed Beckmann’s method to determine the van’t Hoff ¢ factor for weak 
bases. The experimental technique was improved and the results elaborated by Hammett 
and Deyrup (J. Amer. Chem. Soc., 1933, 55, 1900) and by Newman, Kuivila, and Garrett 
(thid., 1945, 67, 704). More recently, extensive work by Gillespie, Hughes, and Ingold 
(J., 1950, 2473), confirmed by Kunzler and Giauque (/. Amer. Chem. Soc., 1952, 74, 5271), 
slightly altered the values for the freezing point and for the cryoscopic constant of sulphuric 
acid. The van’t Hoff 7 factor is determined by the numbers of different kinds of particles 
produced in solution, and the forces they exert, and Gillespie ef al. therefore introduced a 
factor, v, to represent the number of particles only. The numerical difference between an 1 
value and the corresponding v value is small, and it is only possible to differentiate between 
them in work of a high degree of accuracy and reproducibility. Many of the compounds 
investigated during the present work were not entirely stable in sulphuric acid, and 7 values 
in this paper represent the approximate number of ions obtained from one molecule of 
solute. 

The cryoscopic work now described is of two kinds. First, the ionisation of ketones 
containing substituted methoxy-groups was examined to determine the contribution which 
the carbonyl and methoxyl groups might separately make to the basic strength of methoxy 
ketones, and secondly, the mode of ionisation of a series of unsubstituted aromatic diketones 
was studied. 

In previous work of this type it has been customary to determine a series of ¢ values by 
successive additions of solute to the same portion of sulphuric acid. This procedure was 
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not followed here since instability of the compounds in sulphuric acid often rendered the 
results variable with time, and the data recorded are determinations made by single additions 
of solute to fresh portions of sulphuric acid. Where a compound was markedly unstable 
the lowest value of ¢ from several experiments is recorded. 

Summary of Results.—(a) Aromatic methoxy-ketones. Many methoxy-derivatives of 
benzophenone, benzil, and benzoin were examined, but they were all too unstable for reliable 
2 values to be measured. The following figures illustrate the general nature of the results. 

2: 2’-Dimethoxybenzil. A f. p. determined within 20 min. of addition of the solid gave 
t 4-8. This increased to 5-4 after a further 14 hr., and to 5-6 after 1 day. 

4: 4’-Dimethoxybenzil. This gave 7 = 2-8 after 20 min., 3-2 after 90 min., and 5:3 
after 2 days. 

On pouring the solutions of these compounds into water none of the original solid was 
recovered. 

3: 3’-Dimethoxybenzil ype compounds were attacked so rapidly by 
3: 3’-Dimethoxybenzoin sulphuric acid that they were all irrecoverabl 

3: 3’-Dimethoxybenzoin methyl ether} from solution after 5 minutes’ contact. 

(b) Methoxvanthraquinones. The results for these compounds are summarized in 
lable 1. 


TABLE l. 


\nthraquinone Stability of H,SO, solution Molality of H,SO, 
solution 


Unsubstituted cae poe 9.) 9.9 * 
1-Methoxy- Unstable; 36% increase in initial f. p 0-008 (2:3) 
depression after 24 hr. 
2-Methoxy- Stable; no difference in f. p. after 24 hr 0-007 2-2 
0-008 2-2 
1: 4-Dimethoxy Stable; 7°, increase in initial f. p. de- 0-008 3-0 
pression after 24 hr. 0-010 3:0 
1 : 5-Dimethoxy- . Stable; no difference in f. p. after 24 hr 0-008 2-8 
0-007 2-8 
1 : 8-Dimethoxy- Unstable; 13% increase in initial f. p 0-005 (2-1 
depression after 3 hr. 
2: 3-Dimethoxy- ... Stable; no difference in f. p. after 3 hr 0-011 2-0 
0-011 2:1 
1:4:5:8-Tetramethoxy- Stable; no difference in f. p. after 24 hr 0-009 3-1 
0-011 3°] 
* Determinations by Hammett and Deyrup (J. Amer. Chem. Soc., 1933, 55, 1907) 
(c) Unsubstituted aromatic diketones. For summary, see Table 2. 
TABLE 2. 
Ketone (I Ph) Colour of H,SO, Stability of H,SO, Molality of 
solution solution solution 
R-CO:R 1-9—2 
RCOCOR .....00 Pale yellow Stable; 8°% increase in initial 0-012 1:8 
f. p. depression after 24 hr 0-005 1-8 
R°CO-CH,CO’R... Pale yellow Stable; 7° increase in initial 0-008 2-1 
; {. p. depression after 24 hr 0-008 2:1 
R*CO*(CHg}_°CO-R Dark green initially; Unstable; 48% increase in 0-003 (3:9 
becomes reddish- initial f. p. depression after 
brown on prolonged 24 hr. 
contact 
R°CO*[CH,],°CO-R Light brown; blue Stable; no change inf. p. after 0-012 3-0 
tluorescence 24 hr. 
R-CO:(CH,],°CO'R Pale yellow; becomes Unstable; 38% increase in 0-016 2-8 
bright red after a initial f. p. depression after 
a few hours 3 hr. 
R-CO-(CH,},°CO-R Reddish-brown Stable; 8°) increase in initial 0-080 2-9 
; f. p. depression after 24 hr 0-011 2-9 
R*CO*/CH,]_°CO’R Very pale yellow Stable; no change inf. p. after 0-015 3-0 
3 days 0-006 3.0) 
KeCO*'CH,},*;CO-R Very pale yellow Stable; no change in f. p. after 0-003 2-9 
24 hr. 0-004 30 


* Determinations by Treffers and Hammett (J. Amer. Chem. Soc., 1937, 59, 1710 
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Discussion.— The experimental results show the expected difficulty of obtaining freezing- 
point depressions in this solvent which are not affected by sulphonation or by dehydration. 
The work on hydrochloride formation, described earlier in this paper, was concerned with 
dimethoxy-derivatives of benzophenones, benzils, and benzoins, but all of these proved too 
reactive in sulphuric acid for reliable + values to be obtained as, indeed, did anisole itself 
cf. data on sulphonation by Schober, Amer. Chem. ]., 1896, 18,858). With the dimethoxy- 
compounds a limiting value of ¢ = 6 would correspond with disulphonation, and values of 
5 were recorded : 

MeO-C,,H,:CO-CO-C,H,yOMe + 5H,.SO, > MeO-C,H,(SO,H):C-CO-C,H,(SO;H)-OMe 

OH + 3HSO, + 2H,O* 


rhe etfect of the methoxyl group in aromatic substitution has been examined quantitatively 
by de la Mare and Vernon (J., 1951, 1764). They found from bromination experiments 
that o- and p-positions to a methoxyl group are very powerfully activated, and although 
the matter was not closely investigated here, it seems very probable that aromatic methoxy- 
ketones are rapidly sulphonated. 

It was found possible, however, for several ketones of the general series 
Ph-CO-'CH,),,CO-Ph, and for anthraquinone and several of its methoxy-derivatives, to 
obtain 7 values which changed but little during a day or so, and from these solutions the 
ketones were recoverable on pouring them into water. We therefore attribute the deviation 
of 7 from unity in these cases to ionisation. 

The results obtained show that: (a) Benzil and dibenzoylmethane are monoacid bases 
1~2), while «w-dibenzoyl-propane, -pentane, -hexane, and -heptane are diacid bases 
(t~3). Dibenzoylethane and dibenzoylbutane are unstable in sulphuric acid and 
probably give dehydration products (cf. Nowlin, J. Amer. Chem. Soc., 1950, 72, 5754; 
Bauer, Compt. rend., 1912, 155, 288). (4) Anthraquinone is a monoacid base (Hammett 
and Deyrup, Joc. cit.), and so also are 1l-methoxy-, 2-methoxy-, and 2: 3-dimethoxy- 
anthraquinone. 

The methoxy-group of itself does not therefore ionise. If there are two methoxy- 
groups in the a-positions to the same keto-group, the anthraquinone derivative remains a 
monoacid base (1 : 8-dimethoxyanthraquinone); but if there is a methoxy-group in the 
x-position to each of the keto-groups (1 :4- and 1: 5-dimethoxyanthraquinone) then the 
compounds become diacid bases (t ~ 3); if each keto-group has ‘wo methoxy-groups in this 
position, the resulting compound (1:4: 5: 8-tetramethoxyanthraquinone) is still only a 
diacid base. These observations may be summarised in the hypotheses (i) that one keto- 
group ionises in anthraquinone, (il) that the ionisation of the second keto-group is not 
detectable by the present technique, and (iii) that the methoxy-groups do not themselves 
ionise, but in the «-position increase the ionizing power of the ketone groups. 

It remains to consider whether these facts and hypotheses can be simply explained. 
rhe change from mono- to di-basicity in the series Ph-CO-[CH,],*CO:Ph somewhere between 
n = 1 and 7 = 3 could be attributed to the well-known electrostatic interaction familiar 
in the theory of the two dissociation constants of a dicarboxylic acid (Bjerrum, Z. pAystkal. 
Chem., 1923, 106, 219; and many later workers), and a search of the literature reveals at 
any rate one parallel example; NN’-dibenzylhydrazine gives a mono-hydrochloride 
(Curtius, ]. pr. Chem., 1900, 62, 92), but bisbenzylaminomethane, CH,(NH°CH,Ph)., 
(Kempff, Annalen, 1890, 256, 226) and NN’-dibenzylethylenediamine, |CHg|,(NH*CH,Ph)o, 

Schering, Chem. Zentr., 1898, ii, 743), both form dz-hydrochlorides. 

We shall therefore examine whether a simple version of the electrostatic theory will 
explain the present observations. Ina diacid base, if the two ionisable groups are so distant 
as to have a negligible effect on one another, the base dissociation constant, K,, of the first 
group should, for simple statistical reasons, be four times that, Ky, of the second group. 
If, however, a charge is established on one group, this will make an additional work term 
to be overcome against the coulombic force, and RT In (K,/4K,) = e?/Dgr where Dy 
is a dielectric constant, e is the electronic charge, and 7 is the distance between the two 
ionisable groups. In Bjerrum’s original treatment Dy was taken as equal to D, the dielectric 
constant of the solvent in bulk. This theory gives reasonable values of r for long-chain 
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dicarboxylic acids, but values much.too small for short chains (e.g., oxalic or succinic acid). 
rhe theory has been refined by Kirkwood and Westheimer (J. Chem. Physics, 1938, 6, 
506, 513), who consider the molecule as occupying a cavity of dielectric constant, Dj, 
inside the bulk solvent of dielectric constant, D. Their theories give the effective dielectric 
constant, Dz, in terms of D and Dj (assumed equal to 2), the size and shape of the cavity, 
and the disposition of ionisable groups in it. This refined theory gives distances which are 
in good agreement with other evidence, even for the shorter chains (cf. Westheimer and 
Shookhoff, J. Amer. Chem. Soc., 1939, 61, 555; Westheimer, tbid., p. 1977). 

The quantitative application of these arguments to the present data is not simple. The 
bulk dielectric constant of sulphuric acid is considerably greater than that of water (a value 
of 110 has recently been obtained by Brand, Jones, and Rutherford, J. Chem. Phys., 1952, 
20, 530), the internal dielectric constant, Dj, is not exactly known, and the effective dielectric 
constant, Dp, depends on the size and shape of the molecule in a manner which can be 
calculated only in special cases. We have calculated the ratio of the effective dielectric 
constant, Dy, in sulphuric acid and in water from Kirkwood and Westheimer’s equations (9) 
and (10) (loc. cit., p. 509; spherical cavity), and unless Dy for water is <25, this ratto lies 
between | and 1-3. We, therefore, assume that the effect, in sulphuric acid, of a charged 
oxygen atom in an ionised ketone is equal to that, in water, of a charge in a carboxylic 
acid with the same number of carbon atoms between the two ionising groups—this latter 
effect being taken from experiment. 

We are thus led to identify log,) (A,/4K,) for dibenzoylmethane in sulphuric acid with 
that (2-26) for malonic acid in water, and logy) (K,/4K,) for dibenzoylpropane in sulphuric 
acid with that (0-47) for glutaric acid in water. We estimate also that, in view of the scatter 
of experimental points and the well-known thermodynamic ambiguity of the Beckmann 
technique (cf., e.g., Adams, J. Amer. Chem. Soc., 1915, 37, 481, and earlier references there 
quoted; Bell, Baughan, and Vaughan-Jackson, /., 1934, 1969), an apparently ionised 
group might really be up to 20°, un-ionised, and vice versa. The Ostwald dissociation 
constant, K, is given by «?c/(1 — «), where « = degree of dissociation, and c = the stoicheio- 
metric concentration of the solute concerned (c is conventionally given in g.-mol. 1.7}). 
We may take as a mean value of the molality (m) of the solutions used in this work, 
0-01 g.-mol. per 1000 g. of solvent = 0-0184 g.-mol. 17! If « = 0-8, «?/(1 — a) = 3-2; 
if a — 0-2, «®/(1 — a) = 0-05. Hence for a ketone “ionised”’ in the present sense, K is 
not less than 3-2 « 1-84 x 107? 10°22, and for one ‘“ un-ionised,’”’ K is not greater than 
0-05 x 1:84 x 10° == 10°39. Moreover, in the first ionisation of a dicarboxylic acid one 
expects in the limit of long chains, A, to equal 2K, where K = the dissociation constant of 
a single carboxyl group, and equally for the second dissociation constant of a dicarboxylic 
acid, Ky = 3K (K, = 4K). We can thus estimate, very roughly, what base dissociation 
constant, A, a single keto-group has in sulphuric acid. 

(a) Since in a long-chain diketone both groups are ionised, log A, = (log K — log 2) 
>-— 12; log K>—0-9. (b) Since in dibenzoylmethane, the second group appears 


un-ionised log K, = (log K — log 2 — 2:26) < — 30; log K< 0-5. (c) Since in 
dibenzoylpropane the second group appears ionised, log Ky = (log AK — log 2 — 0-47) 
>— 12; log K >~— 0-4. These rough indications suggest (i) that log,,A ~ — 0-5, 
and (ii) presumably that dibenzoylpropane is only just on the limit of appearing a dibasic 
strong electrolyte. The latter conclusion derives support from the data on anthraquinone. 
he maximum distance between the oxygen atoms in dibenzoylpropane (from Fischer 

Hirschfelder models) is 8-5 A, and the free rotation distance is about 5-9 A. The distance 
between the oxygen atoms in anthraquinone, which may be considered to have a rigid disc 
structure, is 5-3 A (Sen, Indian J]. Phys., 1948, 22, 347). One would expect, therefore, 
that quite a small effect would make anthraquinone appear a diacid base, and this agrees 
with our hypothesis that a single «-methoxy-group is sufficient to cause this. 

It appears, therefore, that the electrostatic influence of already ionised groups is 
sufficient to explain the present observations provided that (a) for a ketonic oxygen in 
sulphuric acid, K ~ 10°, and (4) for an aromatic-linked methoxyl oxygen in sulphuric 
acid, K < 107%. 

We consider the latter supposition first. It is known that aliphatic ethers are ionised 
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in sulphuric acid, also that the mutual effects of the benzene ring and the aminc-group are 
sufficient to make A for aniline about 10° times less than that of an aliphatic primary amine. 
As this would also be expected in an oxygen ether base with the oxygen directly linked to 
the benzene ring, one would not expect such an aromatic ether to appear ionised in sulphuric 
acid unless the dissociation constant of an aliphatic ether in sulphuric acid were greater 
than 10°*, and this is improbably high from analogy with our estimate of K ~ 10-°° for a 
ketone. Whether, however, this value of A for a ketone is reasonable is a more difficult 
question, since there is little information about base dissociation constants in sulphuric 
acid except that almost all the bases studied appear to be strong electrolytes. The rough 
estimate given, however, might be checked by partition-coefficient data. In qualitative 
support of our general view that the dissociation constants of ketones in sulphuric acid are 
such that significant proportions of them must remain un-ionised we quote Baker's data 
(/., 1951, 307) for the partition coefficient of acetophenone (and of benzaldehyde) between 
sulphuric acid and the non-ionising solvent ligroin. 

[he experimental data in the present paper can, therefore, be understood in terms of 
known principles. Moreover, the absence of basic properties in the aromatic methoxy] 
group in sulphuric acid makes it improbable that the addition of hydrogen chloride to such 
compounds can be considered as due to the formation of oxonium salts by the oxygen of the 
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Lhe Structure of the Ions of Methoxyanthraquinones.—-The evidence above suggests that 
the spatial separation of the keto-groups in anthraquinone is not quite sufficient for the 
compound to be a diacid base, but the experiments show that the influence of methoxy 
groups in the z-positions to both keto-groups is sufficient to make it so. There are two 
distinct ways in which a methoxy-group could enhance the basic property of a keto-group 
1) by a mesomeric effect in which the electron-donating effect of the methoxy-group 
increases the negative charge on the carbonyl oxygen atom, as in (V); (ii) by the formation 
in the ion of a six-membered hydrogen-bonded structure between the keto- and methoxy- 
groups (1). Two independent objections have been raised to (i). Flett (J., 1948, 1441), 
from the infra-red absorption spectrum of 1 : 4-dimethoxyanthraquinone, showed that the 
o-quinonoid resonance form (V) is unlikely, and a similar view was expressed by Wiles (loc. 
cit.) from a polarographic study of the reduction of methoxyanthraquinones. The t values 
for methoxyanthraquinones can well be explained by (I). Thus ]-methoxyanthraquinone 
is amonoacid base. When two methoxy-groups are ortho to the same carbonyl group there 
possibility of the compound’s functioning as a diacid base, e.g., 1 : 8-dimethoxy- 
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l tinone (VI). The z value of (VI) is, however, 2 and not 3, so the linkage of two 
methoxyl groups by hydrogen bonds to a single carbonyl group is not realised, and this is 
to be expected on electrostatic grounds. In this connection it may be noted that the struc- 
ture postulated by Roberts, Wiles, and Kent (/., 1932, 1792) to explain the formation of a 
hlorate of 1:4: 8-trimethoxy-10-thioxanthone (VII) must now be considered 
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‘then the anthraquinone has two methoxy-groups ortho to separate keto-groups as in 
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|: 4- or 1 : 5-dimethoxyanthraquinone, two hydrogen-bonded structures can be formed 
(e.g., VIII) and ¢ = 3. Similarly 1:4:5:8-tetramethoxyanthraquinone (1X) could only 
be a diacid base. 


EXPERIMENTAL 


1) Absorption of Hydrogen Chlovide.—Materials. Many of the compounds were available 
commercially, 2: 2’-Dihydroxybenzophenone was most easily prepared by fusing xanthone 
with potassium hydroxide (Richter, J. pr. Chem., 1883, 28, 285). 2: 2’-Dimethoxybenzoin 
and its methyl ether were made by Irvine’s method (/., 1901, 79, 670). The benzil methyl 
ethers were obtained by oxidising the corresponding benzoins with Fehling’s solution. 2: 2’ 
Dihydroxybenzil was made by demethylating the dimethoxy-compound with pyridine hydro 
chloride (Gee and Harley-Mason, J., 1947, 251). 

Recorded m. p.s (corr.) for the following compounds are inconsistent (lit. values in 
parentheses) Benzophenones: 4-methoxy-, 61° (61—62°, 61—62-5°, 62°, 62—63°, 63—64>, 
67—68°); 4: 4’-dihydroxy-, 215° (205—207°, 205-5—206-5°, 210°, 212—213°, 213—214°): 
4: 4’-dimethoxy-, 146° (141°, 142—-143°, 143—144°, 144°, 146 Benzoin: 4: 4’-dimethoxy 
110° (109—110°, 113°). Benzil: 2: 2’-dimethoxy-, 128° (127°, 128—-129°, 130°). 

Experimental Method.—A U-tube containing a weighed quantity (ca. $ g.) of the dried ketone 
was immersed in acetone in a vacuum flask, and a steady stream of dry hydrogen chloride 
passed through. The temperature of the bath was kept by acetone-CO, at —78°. The gas 
was similarly cooled. After passing over the ketone, the excess of hydrogen chloride was 
bubbled through sulphuric acid. By comparing the rates at which bubbles entered and left 
the U-tube the progress of the absorption was followed, and the passage of gas was continued 
until absorption appeared to be complete. The product was then analysed. A slow stream of 
air was passed through the U-tube, the temperature allowed to rise slowly, and the hydrogen 
chloride liberated absorbed in standard sodium carbonate solution. The starting materials 


were re¢ overed. 

(2) Ionisation in Sulphuric Acid.—Materials. Diketones. The ketones, when not available 
commercially, were prepared by lriedel—Crafts reaction of benzene on the carboxylic acid 
dichlorides, made, in satisfactory yields, by the action of thionyl] chloride. 

The following diketones had m. p.s (corr.) which differed from previously recorded value: 
lit. values in parentheses) : dibenzoylpentane 62-—63° (68°); dibenzoylhexane 91° (83—85°, 
85°) (Found: C, 81-2; H, 7-5. Calc. for C,,H,.O,: C, 81-6; H, 7-5%). 

M. p.s (corr.) for the following diketones are also recorded, as literature values are con 
flicting: dibenzoylpropane 65° (62—63°, 67-5°); dibenzoylbutane 107° (102°, 104—105 
105—106°, 107°, 106—108°, 112°); dibenzoylheptane 55——56° (44°, 56—57 

Anthraquinones. The methoxyanthraquinones have been described by Wiles (J., 1952, 
1358) 

Experimental Method.-Yhe apparatus used was similar to that designed by Newman 
Kuivila, and Garrett (/oc. cit.) except that the stirrer was hand-operated. The sulphuric acid 
was made by adding 98°, sulphuric acid to fuming sulphuric acid (both of A.R. grade) so that 
the concentration of the acid was 100° as determined by Brand’s method (/J., 1946, 585). A 
small quantity of water was added so that the f. p. of the acid was then between 9-8° and 10-2 
The procedure in determing f. p.s was similar in most respects to that used by previous workers. 
Che cooling bath was regulated at 8-5° -++ 0-1°. Crystallization of the acid was started by 
touching the side of the acid container with solid carbon dioxide. By this means the super- 
cooling was usually of the order of 0-2—0-5° and no supercooling correction was necessary 
The z values were calculated from the relation 7 = 6/m < 5-98, where 6 = the depression of the 
f. p., m = the molality of the solute, and 5-98 is the cryoscopic constant of sulphuric acid 


The authors are indebted to the Referees of this paper for a number of valuable suggestions 
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194. Friedel- ‘rafts Reactions of Triphe nylene. 
By No. Px. Buu-Hoi and PIERRE JACQUIGNON, 


In the Friedel-Crafts reactions triphenylene is substituted at the 2-position. 
Some new derivatives of triphenylene have thus been prepared. 


['RIPHENYLENE is unique among tetracyclic aromatic hydrocarbons in its high degree of 
symmetry, on account of which there can be only two sites of monosubstitution, positions 
1 and 2, as in the case of naphthalene. The reactivity of triphenylene has rarely been 
investigated, and the constitution of most of the products obtained is still unknown. 
Sulphonation (Schmelzer, D.R.-P. 654,283/1937) was stated to give triphenylene-2-sulph- 
onic acid, converted by alkaline fusion into 2-hydroxytriphenylene (Schmelzer and Schnabel, 
D.R.-P. 654,715 1937); bromination yielded a mixture of a mono- and a di-bromotri- 
phenylene of undetermined constitution (Schuster and Broich, D.R.-P. 650,058 1937), and 
nitration gave a trinitrotriphenylene (Mannich, Ber., 1907, 40, 162). The only Friedel- 
Crafts reaction studied hitherto was that of oxalyl chloride, which resulted in a triphenyl- 
enecarboxylic acid (Cook, Hewett, and Hieger, /., 1933, 395). 

In the present work, Friedel-Crafts reactions of triphenylene with acetyl and propionyl 
chloride, and with succinic anhydride, are reported. Acetylation, with aluminium chloride 
in carbon disulphide solution, gave a good yield of a monoketone, which was 2-acetyltri- 
phenylene (1; RK = Me), as it could be converted into the known 2-methyltriphenylene 
(Kieser and Joshel, J. Amer. Chem. Soc., 1939, 61, 2960; Rapson, J., 1941, 15) by a Will- 
gerodt-Kindler reaction and decarboxylation of the triphenylenylacetic acid obtained. 
Sodium hypobromite oxidation of 2-acetyltriphenylene yielded an acid, identical with Cook, 
Hewett, and Hieger’s acid, which must therefore have been triphenylene-2-carboxylic 
acid. Wolff-Kishner reduction of the same ketone (Huang-Minlon, ]. Amer. Chem. Soc., 
1946, 68, 2478) readily gave 2-ethyltriphenylene ; Fischer indolisation of 2-acetyltriphenyl- 
ene phenylhydrazone resulted in 2-2’-indolyltriphenylene (II). 


SS 
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Other Friedel-Crafts reactions were also studied : propionylation yielded 2-propionyl- 
triphenylene (1; R = Et), from which 2-n-propyltriphenylene was prepared by reduction ; 
succinoylation also gave a single reaction product, y-keto-y-2-triphenylenylbutyric acid, 
which was readily reduced to y-2-triphenylenylbutyric acid. The orientations are assumed 
by analogy. 

The preferential attack of the 2-position in the molecule of triphenylene is probably due 
to the fact that position | is subject to a strong steric hindrance; this accounts for the 
resistance of 1-methoxytriphenylene to dealkylating agents (Rapson, /., 1941, 15). 

No triphenylene derivative has yet been found to be carcinogenic (cf. Shear, J. Nat. 
Cancer Inst., 1941, 2, 241, 251), and the two homologues of triphenylene described in this 
work are similarly inactive. 


EXPERIMENTAL 


? 


Acetylation of Tviphenylene.—To a solution of triphenylene (10 g.) and acetyl chloride (60 
c.c.) in dry carbon disulphide (200 c.c.), finely powdered aluminium chloride (10 g.) was added 
in small portions; the mixture was kept overnight at room temperature, then refluxed for | 
hour on the water bath. The mixture was poured into dilute hydrochloric acid, the organic 
layer washed with aqueous sodium hydroxide, then with water, and dried (Na,SO,), the solvent 
removed, and the residue distilled 7m vacuo (b. p. 310-——315°/15 mm.) and recrystallised from 
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carbon tetrachloride. 2-Acetyltriphenylene (6 g.) formed colourless needles, m. p. 152° (Found 
C, 88-8; H, 5-5. CypH,,O requires C, 88-9; H, 5-2%). The oxime formed colourless needles, 
m. p. 202°, from ethanol (Found: C, 84-0; H, 5:3. Cy9H,,ON requires C, 84-2; H, 5-3°%), and 
the 2: 4-dinitrophenylhydrazone orange needles, m. p. >325°, from acetic acid (Found: N, 12-1 
Cygl1,,0,N, requires N, 12-4%). No isomer could be detected in the mother-liquors from 
crystallisation of 2-acetyltriphenylene. 

When the latter was refluxed with sulphur and morpholine for 12 hours, the morpholide 
hydrolysed with sodium hydroxide, and the calcium salt of the crude triphenylene-2-acetic 
acid was dry-distilled, 2-methyltriphenylene, m. p. 105° (from ethanol) (picrate, m. p. 193°), was 
obtained (Fieser and Joshel, loc. cit., gave m. p. 104—-105° for this hydrocarbon, and m. p 
192-5-—-193° for its picrate). 

Tviphenylene-2-carboxylic Acid.—This acid (0-4 g.), obtained from sodium hypobromite and 
2-acetyltriphenylene (0-5 g.) in dioxan, crystallised as colourless prisms, m. p. 326°, from ethanol 
(Found: C, 88:5; H, 4-5. Calc. for C,,H,.O,: C, 83-8; H, 4:4°%); it was identical with a 
sample prepared from triphenylene and oxaly] chloride (Cook e¢ al., loc. cit.). 

2-Ethyltriphenylene._-A mixture of 2-acetyltriphenylene (2 g.), diethylene glycol (15 c.c.), 
and 85% hydrazine hydrate (5 g.) was heated at 100° for 5 minutes; after addition of potassium 
hydroxide (5 g.), the mixture was heated with removal of water, then refluxed for 4 more hours 
After dilution with water, the hydrocarbon was taken up in benzene, and vacuum-distilled 
(b. p. 280—282°/16 mm.); 2-ethyltriphenylene (1 g.) formed colourless needles, m. p. 90°, from 
ethanol (Found: C, 93-8; H, 6-4. Cy 9H,, requires C, 93-7; H, 6-3%); its picrate crystallised 
as orange-yellow prisms, m. p. 144°, from ethanol (Found: N, 8-5. C,,H,,0,N, requires N, 
8:7%). 

2-2’-Indolyl triphenylene (I1).—A mixture of 2-acetyltriphenylene (1 g.) and phenylhydrazine 
(1 g.) was heated at 120° until evolution of water ceased; the crude phenylhydrazone obtained 
was heated with finely powdered fused zinc chloride (1 g.) at ca. 200° until a vigorous reaction 
set in. The product was treated with aqueous acetic acid and benzene, the benzene layer 
washed with dilute hydrochloric acid then with water, and dried (Na,SO,), and the solvent 
removed; 2-2’-indolytriphenylene crystallised as pale yellow prisms, m. p. 225°, from benzene 
(Found: C, 91-1; H, 5:2. C,,H,,N requires C, 91-0; H, 5-0%); it formed a violet-brown 
picrate, m. p. 227—-228° (decomp.), from ethanol. 

2-Propionvitriphenylene.—This ketone (5-8 g.), obtained from triphenylene (7 g.), propiony] 
chloride (50 c.c.), and aluminium chloride (10 g.) in carbon disulphide (200 c.c.) as for the lower 
homologue, was recrystallised from carbon tetrachloride, then from ethanol, and formed colour- 
less needles, m. p. 123° (Found: C, 88-5; H, 5:5. C,,H,,O requires C, 88-7; H, 5-6%). 

2-n-Propyltriphenylene.—Prepared from the foregoing ketone (4:5 g.), hydrazine hydrate 
(5 g.), and potassium hydroxide (5 g.) in diethylene glycol (70 c.c.) as for the lower homologue, 
2-n-propyltriphenyvlene was purified by vacuum-distillation (b. p. 212—214°/0-5 mm.), and crystal- 
lised as colourless needles (2-3 g.), m. p. 78°, from ethanol (Found: C, 93-2; H, 6-9. C,,H,, 
requires C, 93-3; H, 6-794); its picrate formed yellow needles, m. p. 147—148°, from ethanol] 

y-Keto-y-2-triphenylenylbutyric Acid.—To a solution of tirphenylene (15 g.) and succinic 
anhydride (7 g.) in anhydrous nitrobenzene (200 c.c.), finely powdered aluminium chloride (15 g.) 
was added in small portions. The deep green mixture was kept for 4 days at room temperature, 
then decomposed with water, and the nitrobenzene steam-distilled. The solid residue was 
crystallised, first from chlorobenzene, then from ethanol, giving colourless prisms (12 g.), m. p. 
224° (Found: C, 80:2; H, 5:2. C,.H,,O; requires C, 80-5; H, 4-99) of the acid; its sodium 
salt was sparingly soluble in water. 

y-2-Triphenylenylbutyric Acid.—The foregoing acid (10 g.) was reduced in the usual way with 
hydrazine hydrate (10 g.) and potassium hydroxide (9 g.) in diethylene glycol (150 c.c.); the 
acid obtained on dilution with water and acidification with hydrochloric acid crystallised as 
colourless prisms (8-5 g.), m. p. 168°, from benzene (Found: C, 84:0; H, 5-9. C,H gO, requires 
C, 84:1; H, 5:7%). Cyclisation of this acid will be reported elsewhere 


We thank Miss P. F. Boshell, M.A. (Oxon.), for assistance 
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195. Triterpene Resinols and Related Acids. Part XX VI.* 
Ursa-11 : 13(18)-dienol. 
By J. D. Easton, WiLt1AM Manson, and F. S. SPRING. 


a-Amyrin acetate is oxidised by selenium dioxide to a dienyl acetate to 
which the structure ursa-11 : 13(18)-dienyl acetate is provisionally allocated. 


IN contrast to the unsaturated centre in $-amyrin, that in «-amyrin is unreactive and in 
particular there is a lack of reactivity at the adjacent C;,,-atom in a-amyrin. Whereas 
4-amyrin can be smoothly converted into oleana-10 :; 12-dienol (Picard and Spring, /., 
1941, 35), oleana-10 : 12: 18-trienol (Ruzicka, Jeger, and Redel, Helv. Chim. Acta, 1948, 
26, 1235), 11-keto-olean-12-enol (Picard and Spring, /., 1940, 1198), and 11-keto-oleana- 
12: 18-dienol (Picard and Spring, J., 1941, 35), corresponding reactions with a-amyrin 
are limited to the formation of ursa-10: 12-dienol and 11-keto-urs-12-enol (Spring and 
Vickerstatf, J., 1937, 249). Again, @-amyrin acetate is readily oxidised by selenium 
dioxide to oleana-11 : 13(18)-dienyl acetate (Ruzicka, Muller, and Schellenberg, Helv. Chim. 
Acta, 1939, 22, 767; Barton and Brooks, J., 1951, 257) as initial product, further oxidation 
of which with the same reagent gives 12: 19-diketo-oleana-10 : 13(18)-dienyl acetate 
(Ruzicka, Jeger, and Norymberski, Helv. Chim. Acta, 1942, 25, 457). Hitherto attempts 
to duplicate the selenium dioxide reactions with «-amyrin have been unsuccessful. The 
present paper describes the preparation of what is believed to be ursa-11 : 13(18)-dienol 
from «-amyrin. 

Treatment of «-amyrin acetate with selenium dioxide in dioxan at 200° or, better, in 
boiling benzyl acetate gives a mixture from which, in addition to much unchanged a-amyrin 
acetate, a dienyl acetate is isolated in 2—3°, yield. That the dienyl acetate originates in 
a-amyrin acetate and not in a difficultly separable impurity follows from the observation 
that similar oxidation of «-amyrin acetate, recovered from a previous treatment with 
selenium dioxide, gives the same product in the same yield. A number of variations in the 
experimental conditions did not lead to an increase in the yield of the dienyl acetate; in 
one experiment using boiling diphenyl as solvent, ursa-10 : 12-dienyl acetate was isolated 
as sole product. 

Analysis of the dienyl acetate indicates the formula C,,H;,0, or the lower homologue. 
The properties of the new dienyl acetate closely simulate those of oleana-11 : 13(18)- 
dienyl acetate, but a mixture of the two dienyl acetates shows a marked depression in 
melting point. The ultra-violet absorption spectra of the two dienyl acetates are very 
similar. Hydrogenation of the dienyl acetate from «-amyrin gives a dihydro-derivative 
which again closely resembles olean-13(18)-enyl acetate in optical properties. 

We provisionally formulate the new compound as ursa-]1 : 13(18)-dienyl acetate and 
its dihydro-derivative as urs-13(18)-enyl acetate. If the structure ascribed to a-amyrin 
by Meisels, Ruzicka, and Jeger (Helv. Chim. Acta, 1949, 32, 1075) is true, these formulations 
are correct. However, satisfactory proof of the presence of a C;,;g-hydrogen atom in 
a-amyrin is lacking; we do not consider that the conversion of «-amyrin into an I1 : 13(18)- 
dienol supplies such a proof since it is possible that the formation of the dienyl acetate has 
involved elimination of a C(,;,-methyl group in «-amyrin in which case the dienyl acetate 
will be a norursa-1I1 : 13(18)-dienyl acetate. 


EXPERIMENTAL 


Specific rotations were measured in chloroform solution in a 1l-dm. tube at approx. 16°. 
Ultra-violet absorption spectra were measured in ethanol solution. Grade II alumina was used 
for chromatography, and the light petroleum used had b. p. 60—80°. 

Ursa-11 : 13(18)-denvl Acetate—A mixture of x-amyrin acetate (18 g.; m. p. 
% p +78°5°), dioxan (750 c.c.), and selenium dioxide (21-6 g.) was heated in an autoclave for 
10 hours at 200°. The cold mixture was filtered, and the filtrate diluted with water and 


227—228°, 


* Part XXV, J., 1952, 432. 
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tracted with ether. The ethereal solution was washed with aqueous potassium cyanide (5% 


ind the dried solution treated with charcoal. After removal of the ether, the red product was 
crystallised from chloroform-methanol, from which two crops of «-amyrin acetate (8-5 g.; 


m. p. and mixed m. p. 218—221°) were removed. The mother liquor on evaporation gave a partly 
crystalline residue (2-9 g.), a solution of which in benzene-light petroleum (1: 10; 250 c.c.) was 
chromatographed on alumina (15 x 3-5 cm.). Washing the column with the same solvent 


mixture (500 c.c.) gave a fraction (352 mg.) which could not be crystallised. Continued washing 
with the same solvent mixture (625 c.c.) gave a crystalline eluate (550 mg.), recrystallisation of 
which from methanol-chloroform gave «-amyrin acetate, m. p. 220—221°, undepressed in m. p 
when mixed with an authentic specimen. A third fraction (511 mg.) obtained by continued 
washing with the same solvent mixture (1125 c.c.), crystallised from methanol-chloroform as 
needles, m. p. 202—-204°, and gave a red-brown colour with tetranitromethane in chloroform. 
Several recrystallisations of this fraction from methanol-chloroform gave ursa-11 : 13(18)- 
lienyl acetate as needles, m. p. 206—207°, [a], —77°, —79° (c, 1-2, 0:35) (Found: C, 82-3; H, 
10-9. C3.H;,0. requires C, 82-3; H, 10-8%). Light absorption: Max. at 2440 (e 29,000), 
2520 (e 31,200), and 2600 A (e = 21,400). A mixture with oleana-11 : 13(18)-dienyl acetate 
m. p. 230—231°) had m. p. 183—190°. 

Ursa-11 : 13(18)-dienyl acetate was also obtained in low yield (approx. 1%) by refluxing a 
solution of «-amyrin acetate in glacial acetic acid with selenium dioxide for 1 hour, and in 
better yield (2-5%) by refluxing a solution of «-amyrin acetate (40 g.) in benzyl acetate (500 c.c.) 
with selenium dioxide (48 g.) for 24 hours. 

Ursa-10 : 12-dienyl Acetate.—A solution of «-amyrin acetate (2-0 g.) in molten dipheny] 

15 g.) was treated with selenium dioxide (2-4 g.) and refluxed for 40 hours. The solvent was 
removed by steam-distillation and the residue extracted with ether (Soxhlet). The ether 
solution was washed with aqueous potassium cyanide (3%), and the product crystallised 
repeatedly from chloroform—methanol from which ursa-10: 12-dienyl acetate (200 mg.) 
separated as needles, m. p. 166—167°, [x], +-311° (c, 0-9), undepressed in m. p. when mixed 
with an authentic specimen. Light absorption: Max. at 2800 A (e = 11,700). 

Ursa-11 : 13(18)-dienol was obtained from the acetate by hydrolysis with 5° ethanolic 
potassium hydroxide. It separates as needles, m. p. 194—-195° (from aqueous methanol), 
“1p —83°, —86° (c, 1-2, 1-0) (Found: C, 84-65; H, 11-5. Cj ,H,,O requires C, 84:8; H, 11-4%). 
Acetylation of the alcohol, with pyridine and acetic anhydride, gave ursa-11 : 13(18)-dieny] 
acetate, m. p. 205—206°, [x], —76° (c, 0-44), undepressed in m. p. when mixed with the 
specimen described above. 

Urs-13(18)-enol.—A solution of ursa-11]1 : 13(18)-dienyl acetate (300 mg.) in ethyl acetate 
(70 c.c.) and glacial acetic acid (80 c.c.) was shaken with hydrogen over platinum (150 mg.) for 
21 hours. The filtered solution was evaporated and the residue hydrolysed by refluxing it 
for 2 hours with ethanolic potassium hydroxide (3° ; 25 ¢c.c.). The product was isolated in the 
usual manner and crystallised from methanol, giving wvs-13(18)-eno! as plates, m. p. 204 
205°, [«]p —35°, —36-5° (c, 1-2, 0-6) (Found: C, 84:1; H, 12-0. Cj 9H;,O0 requires C, 84-4; 
H, 11-8%). It gives a yellow colour with tetranitromethane in chloroform. 

Urs-13(18)-enyl acetate, obtained from the alcohol, with pyridine and acetic anhydride, 
separated from chloroform—methanol as needles, m. p. 214—216°, [x%!, —23°, ~—22° (c, 1-4, 
6-4) (Found: C, 82-3; H, 11-4. C3,H,.O, requires C, 82-0; H, 11-2°%). It gave a yellow 
colour with tetranitromethane in chloroform. A mixture with olean-13(18)-enyl acetate 
(m. p. 209—210°) had m. p. 190—195°. Light absorption: ¢€g,99 = 4000, €359 = 5100, 
Esa99 = 2800, and Egosy 1100. 

Grateful acknowledgment is made to the Department of Scientific and Industrial Research 
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196. Studies on Unimolecular Chlorohydrocarbon Decompositions. 
Part 1V.* 


By K. E. How ett. 


2: 2-Dichloropropane decomposes at 370 40° by a homogeneous uni- 
molecular process to give hydrogen chloride and monochloropropene. 1: 1- 
Dichloropropane yields similar products at 410° + 30° by simultaneous 


unimolecular and radical-chain reactions. The latter mode is suppressed by 
sobutene. The non-exponential terms of the unimolecular rate constants 
for these pyrolyses are shown to be in agreement with an earlier suggestion, 
and previous discussions concerning prediction of the mode of decomposition 
for chloroalkanes are extended. 


In Part III * a suggested explanation was given for the marked correlation between the 
Arrhenius parameters of the velocity constants for homogeneous unimolecular 
decomposition of chloroalkanes, noted by Barton, Head, and Williams (/., 1951, 2039). 
It was pointed out that the decomposition rate constant of 1: 1-dichloroethane is 
anomalous in this respect and it was tentatively suggested that other simple dichlorides 
of type >-CH-CCl,- might show the same behaviour. In pursuance of this idea the 
pyrolyses of 1 : 1- and 2 : 2-dichloropropane have been studied. 


EXPERIMENTAI 

Ipparatus and Materials.—The apparatus used has been described in Part II (J., 1952, 
3695 All results refer to a constant-volume reaction vessel whose walls are covered by a 
carbonaceous film. 

1: 1- and 2: 2-Dichloropropane were prepared by treating the appropriate carbonyl 
compounds with phosphorus pentachloride (cf. Henne, Renoll, and Leicester, J. Amer. Chem 
Soc., 1939, 61, 938; Turkevich and Smyth, zbid., 1940, 62, 2468). The 2: 2-isomer thus 
prepared was found, on pyrolysis, to give kinetics characterised by fast starts. This effect was 
noted in other reactions by Barton, Head, and Williams (/oc. cit.) and was there eliminated by 
removing the impurity responsible by sulphuric acid. Both compounds for the present study 
were therefore shaken quickly with concentrated sulphuric acid, washed with water, and 
refractionated. (Prolonged contact with the acid causes some decomposition.) This purified 
material was saisfactory from the kinetic point of view. 2: 2-Dichloropropane had b. p. 69-2 
corr.), mf 14158; 1: 1-dichloropropane had b. p. 88-1° (corr.), nj} 1-4288. 

Results 30th pyrolyses were first shown to result in dehydrochlorination, the extent of 
hydrogen chloride production being measurable by the pressure increase in the system. Table 1 


TABLE lI. 
1: 1-Dichloropropane at 425 
HCl (cale.), equiv 10-4 g P - 1-34 0-53 0-39 0-86 O18 1-23 0-69 
HCl (found), equiv. x 104. ‘ ’ 1:37 0-58 0-40 0-82 O-19 1:19 0-64 
2: 2-Dichloropropane at 398 
HC] (calc.), equiv. x 10 : : ‘ 0-30 0-16 0-42 0-74 1:33 1-53 1:00 
HCl (found), equiv. x 10%. - . 0-32 0-16 0-45 0-80 1-29 “56 1-05 


compares the amounts of hydrogen chloride formed, both calculated from pressure changes, and 
found by condensation of the reaction "products followed by titration with 0-01N-alkali. It 
was demonstrated that the measured fate of reaction referred to the elimination of only one 
molecule of hydrogen chloride from the substrate by determining the ratios of final to initial 
pressures when the reaction was allowed to proceed for ca. 20 times that required for the 
elimination of 0-5 molecule of hydrogen chloride per molecule of dichloropropane. Table 2 
shows that the p,/f; ratio is 2 for both reactions, indicating that the measured reaction is in 
each case CHL > C35H,Cl +- HCl. Overnight runs gave, in general, pressure increases in 
excess of 100°, (cf. Barton and Head’s results, Tyva) Faraday Soc., 1950, 46, 114, for 
decomposition of 1 : 2-dichloropropane). 
* Part Ill, 7., 1952, 4487 
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The pyrolysis of 2: 2-dichloropropane was found to be of the first order and to be 
uninfluenced by the presence of propene. This is illustrated in Table 3, and is good evidence 
for the absence of any chain reaction. With 1: 1-dichloropropane alone, indifferent first-order 


TABLE 2. 
i : 1-Dichloropropane at 449° 2 : 2-Dichloropropane at 397 
Pi, Mm. PrlPs fi, mm Py ili ~Pi, mm Py Pi 
8-12 1-98 9-51 1-97 17-0 1-90 
13-75 2-02 14-5 2-02 18-0 1-96 
26-4 1-97 16-1 1-95 19-5 1-96 


constants were observed, together with an obvious rise in rate constant on decreasing the initial 
pressure below ca. 30 mm. When the reaction was carried out in the presence of at least 10 mm. 
of tsobutene, the results became consistently of the first order over the whole of the pressure 
range studied. These observations are also included in Table 3 and show that the decomposition 


TABLE 3. 


1 : 1-Dichloropropane at 425 


Mone f Pi MUM. ceeeeeeeeeeeeeeeeees 17-8 20-8 29-7 61-0 

, (1052, sec. 79 66 52-2 48-9 
. Cc fp, mm. ... 6-36 16-6 38:1 
Plus 10 mm. iso-CyH,y 105k, sec.) 49-6 53-0 43-8 

2; 2-Dichloropropane 

, ee MEIN | nasscssvasevevarsenes 11-5 16-1 20-3 25-5 41-7 
At S83 Sto BOGS oo sravasesieccncs 40-0 41-0 38-9 38:3 38-6 
At 413-528 Pe MM. were eeeeeeeeeeeees 8-5 10-0 * 13-4 14-0 * 7:2 yd Sy (i 
: I os corn eusckns 1020 870 1090 1050 960 1130 


* In the presence of ca. 10 mm. of propene. 


of the 1 : 1-isomer alone consists of simultaneous unimolecular and radical-chain reactions. The 
radical part of the reaction can be suppressed by the strong inhibitor zsobutene or by larger 
amounts of the weak inhibitors present when the compound is pyrolysed alone. 

In the case of 2 : 2-dichloropropane the homogeneity of the reaction has been demonstrated 
by the negligible increase in specific reaction rate observed on increasing the surface/volume 
ratio of the reaction vessel ca. 10 times. By analogy with the numerous dehydrochlorinations 
now established as homogeneous, a similar conclusion may undoubtedly be drawn for the 
decomposition of 1: 1-dichloropropane. (The carbonaceous reactor surfaces, over which all 
these pyrolyses are carried out, are ineffectual catalysts for this type of reaction.) 


ABLE 4. 
1 : 1-Dichloropropane 2 : 2-Dichloropropane 
Temp. No. of runs 105%, sec.” Temp. No. of runs 105, sec.! Temp. No. of runs 10°, sec.~! 
384 5 5-41 330-5 4 10-8 378 6 144 
410-5 10 25°3 352 5 39-4 393 8 345 
425 6 50-9 369-5 6 98 398 2 475 
443 8 139-2 370? 3 116 413-5 1] 1000 


p = packed reaction vessel. 


The decomposition of 1: 1-dichloropropane (in the presence of not less than 10 mm. of 
tsobutene) has been studied from 384° to 443° and over the initial pressure range 6—-60 mm 
The decomposition of 2 : 2-dichloropropane has been examined from 330-5° to 413-5° and over 


- 


the pressure range 7—40 mm. The mean rate constants are quoted in Table 4. From these 
figures the Arrhenius equations for unimolecular decomposition of 1: 1- and 2: 2-dichloro- 
propane were computed by the method of least squares to be / 101276 @—51,200/RU and 
101190 e—43,900/RT respectively. 

DISCUSSION 


It is clear that these two rate equations support the suggestion made in Part III 
(/oc. cit.), that relatively low non-exponential terms might be expected in such reactions. 
When the Arrhenius parameters A and E for the pyrolyses of 1: 1- and 2: 2-dichloro- 
propane are compared with Fig. 9 given by Barton, Head, and Williams (loc. cit.) correlating 
these quantities for monochloroalkanes and 1 : 2-dichloropropane, the non-exponential 


(1953) Nucleotides. Part XIX. 947 


terms relevant to | : 1-dichloroethane and the two compounds studied here are all about a 
factor of 10 lower than the frequency factors reviewed by Barton et al. 

As stated in Part II (/oc. ctt.), evidence obtained from co-decomposition studies supports 
Barton, Head, and Williams’s arguments concerning the negligible chain lengths expected 
in radical decompositions from the predominance of the attack of chlorine atoms on 
8-hydrogen atoms in, e.g., ethyl chloride (cf. Ash and Brown, ‘‘ Records of Chemical 
Progress,’ 1948, p. 81). In the case of 2 : 2-dichloropropane, chlorine-atom attack could 
only be upon $-hydrogen atoms, as in the comparable case of 1: 1 : 1-trichloroethane 
(Barton and Onyon, J. Amer. Chem. Soc., 1950, 72, 988), and even in 1 : 1-dichloropropane 
only one a-hydrogen atom is present. In none of these cases, however, does the chain 
mode of decomposition reach overwhelming proportions. Little complication from chain 
processes has therefore been observed to arise from the attack of chlorine atoms in $-methy] 
or alkyl-substituted methyl groups. Only chloro- or chloroethoxy-substituted methyl 
groups have so far been found to be markedly susceptible in this way. 

From a survey of the published work on dehydrochlorinations an interesting list may 
now be compiled of those olefinic compounds which act as strong and as weak inhibitors 
of the radical-chain type of dehydrochlorination. Thus ethylene, viny! chloride, vinylidene 
dichloride, trichloroethylene, 1-chloropropene, and divinyl ether are weak inhibitors since 
relatively large quantities must be present to produce effective retardation. On the other 
hand, propene, tsobutene, and probably menthene (and also -hexane and acetaldehyde) 
are strong inhibitors. Since the competing reaction responsible for inhibition is probably 
metathetical (Howlett, Trans. Faraday Soc., 1952, 48, 25), it appears likely that the 
inhibitor’s power depends upon the presence of C-H bonds of relatively low bond- 
dissociation energy. 

These considerations concerning the type of reaction products which favour or inhibit 
the occurrence of radical-chain decompositions, extend the conclusions reached by Barton, 
Onyon, and Howlett (zb7d., 1949, 45, 733) upon the restrictions to radical decomposition 
imposed by the substrate, and enable us to be more certain in predicting whether a 
chloroalkane will decompose in a unimolecular manner or not. 
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197. Nucleotides. Part XIX.* Pyrimidine Deoxyribonucleoside 
Diphosphates. 


By C. A. DEKKER, A. M. MICHELSON, and A. R. Topp. 


Mild acid hydrolysis of herring sperm deoxyribonucleic acids yields 
ae nucleoside diphosphates as originally claimed by Levene and 
Jacobs (J. Biol. Chem., 1912, 12, 411). Thymidine-3’: 5’ diphosphate and 
deoxycytidine-3’ : 5’ diphosphate have been isolated and found to be identical 
with synthetic products prepared by phosphorylating thymidine and deoxy- 
cytidine. Evidence has been obtained pointing to the presence of deoxy-5- 
methylcytidine nucleotides in the acid hydrolysates. 


THE isolation of pyrimidine nucleotides from mild sulphuric acid hydrolysates of thymus 
nucleic acid was first claimed by Levene and Mandel (Ber., 1908, 41, 1905) in 1908. Levene 
and Jacobs (J. Biol. Chem., 1912, 12, 411) subsequently presented evidence for the existence 
in acid hydrolysates of fish sperm nucleic acid of both the monophosphates and diphosphates 
of the pyrimidine nucleosides and were able to obtain the barium salt of thymidine diphos- 
phate (diphosphothymidine) in crystalline form. Hydrogenation of this compound 
followed by mild acid hydrolysis gave dihydrothymine and a reducing phospho-sugar. 
Levene (ib1d., 1921, 48, 119) later simplified the isolation procedure for the pyrimidine 
nucleoside phosphates, but, although his conditions for hydrolysis remained the same, he 
was now able to isolate only the diphosphates. 
* Part XVIII, J., 1952, 3681. 


948 Dekker, Michelson, and Todd : 


Thannhauser and Ottenstein (Z. physiol. Chem., 1921, 114, 39), using a saturated aqueous 
solution of picric acid for hydrolysis of thymus nucleic acid, were likewise able to obtain 
pyrimidine nucleotides which, as brucine salts, gave analytical values corresponding to those 
required by the brucine salts of the mono- and the di-phosphates. The same results were 
obtained with methanolic hydrochloric acid hydrolysis by Thannhauser and Blanco (¢did., 
1926, 161, 116) although these authors noted that this method produced more diphosphate 
and less monophosphate. 

These pyrimidine nucleotides were originally described as hexose derivatives but, 
subsequently to Levene and London’s (J. Biol. Chem., 1929, 83, 793) elucidation of the 
structure of the sugar obtained from thymus nucleic acid as 2-deoxy-D-ribose, the nucleo- 
tides were recognised as phosphoric acid esters of pyrimidine deoxyribosides (Levene and 
Bass, ‘‘ Nucleic Acids,’’ Chem. Catalog Co., New York, 1931, p. 204). 

sredereck and Caro (Z. physiol. Chem., 1938, 253, 170) questioned the results of Levene 
and Jacobs (loc. cit.) and Thannhauser and Blanco (loc. ctt.). Using either method of 
hydrolysis, they isolated primarily the monophosphates of the pyrimidine nucleosides. 
Although they did not exclude the diphosphates as possible components of acid hydroly- 
sates they stated that conclusions as to the structure of deoxyribonucleic acid should not be 
based on diphosphate formation under these conditions of cleavage. In a reply to this 
paper, Levene (J. Biol. Chem., 1938, 126, 63) criticised Bredereck and Caro (loc. cit.) for 
basing their conclusions on the analyses of brucine salts and amorphous barium salts, the 
latter having been identified by their barium content only. Levene at this time also 
repeated the elementary analysis of thymidine diphosphate and cystosine deoxyriboside 
diphosphate and reported figures which were more in accord with the calculated values. 

In connection with the general problem of nucleic acid structure, it was clearly desirable 
to establish whether or not pyrimidine nucleoside disphosphates were substantial products 
of acid hydrolysis of deoxyribonucleic acids. This we have done by means of ion-exchange 
chromatography (Cohn, J. Amer. Chem. Soc., 1950, 72, 1471). Commercial herring sperm 
deoxyribonucleic acid was hydrolysed by 2 hours’ refluxing with 2°, sulphuric acid and the 
mixture of nucleotide barium salts isolated by hot precipitation, as described by Levene 
(loc. cit.). On chromatography on an anion-exchange resin (Dowex-2; chloride form) 
these salts yielded two main fractions, corresponding to thymidine diphosphate (I) and 
deoxycytidine diphosphate (II; R =H). The fore-fractions of the latter were always 
contaminated with small amounts of a substance which was almost certainly a deoxy-5- 
methyleytidine derivative, possibly deoxy-5-methylcytidine diphosphate (II; R = Me) 
from the higher optical density ratio (280/260 my), analogous to that of deoxy-5-methyl- 
cytidine monophosphate reported by Cohn (J. Amer. Chem. Soc., 1951, 78, 1539). There 
appeared to be no more than traces of other substances present in the crude barium salts. 

Partial fractionation by ion-exchange chromatography of the mother-liquors remaining 
after hot precipitation of the mixed barium salts of the diphosphates gave some further 
indication of the nature of the other products obtained by acid hydrolysis of the nucleic 
acid. Although confirmation by isolation of the individual substances is lacking, the 
elution positions and optical density ratios indicate the presence of monophosphates of 
thymidine and deoxycytidine, as well as the diphosphates and small amounts of more 
complex products, probably in the main dinucleotides of mixed composition. The ratio 
of monophosphate to diphosphate in the case of the deoxycytidine indicates that the 
diphosphate is by far the most abundant deoxycytidine derivative in the hydrolysate, a 
finding which in part confirms Levene’s observations (Joc. ctt.). 


O ) O 
H,0,PO H,O,PO 
CH—CH,—C—C—CH,-O"PO,H, CH—CH,—C—C—CH,0-P0,H, 
OWN, H H OWN, H H 
Ny Me Ns R 
OH (I) NH, I 


Thymidine was phosphorylated with dibenzvl phosphorochloridate (chlorophosphonate) 
in the usual way, catalytic hydrogenation of the reaction product giving a mixture of 
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thymidine monophosphates and thymidine diphosphate, which could be separated either by 
means of an anion-exchange column or by boiling a concentrated aqueous solution of the 
barium salts; the barium salt of the diphosphate separating as a granular precipitate. 
Attempts to separate the monophosphate fraction into two components (the 3’- and the 5’- 
phosphates) under conditions which separate satisfactorily mixtures of the three isomeric 
uridine phosphates (Cohn and Volkin, Nature, 1951, 167, 483) were unsuccessful, only one 
peak being obtained on elution. The synthetic phosphate which from its mode of prepar- 
ation and stability we formulate as thymidine 3’ : 5’-diphosphate (I), was shown to be 
identical with the thymidine diphosphate isolated from the deoxyribonucleic acid hydro- 
lysis by comparison of the dibarium salts (infra-red spectra) and tetrabrucine salts (X-ray 
powder photography). It is of interest that, like adenosine-2’(3’) : 5’ diphosphate (Korn- 
berg and Pricer, ]. Biol. Chem., 1950, 186, 557), thymidine-3’ : 5’ diphosphate is not attacked 
by bull semen phosphatase. An analogous phosphorylation of deoxycytidine yielded 
deoxycytidine-3’ : 5’ diphosphate, the brucine salt of which was identical with the brucine 
salt of the deoxycytidine diphosphate obtained from deoxyribonucleic acid. 

In Part X (Brown and Todd, J., 1952, 52) it was observed that, if deoxyribonucleic 
acids are regarded as essentially 3’ : 5’-linked polynucleotides, then a certain amount of 
pyrimidine nucleoside-3’ : 5’ diphosphates would be expected to arise on acid hydrolysis 
by a degree of random fission. Although the experiments described in this paper are 
qualitative rather than quantitative, the amount of the diphosphates produced is sur- 
prisingly high for them to have been formed solely by random fission. It suggests indeed 
that they may arise in part from those positions in the polynucleotide chain where a 
pyrimidine nucleoside residue is adjacent to a purine nucleoside residue. The initial step 
in mild acid hydrolysis of the nucleic acid is probably removal of purine residues, leaving 
free deoxyribose residues attached through phosphate groups to other similar residues and to 
pyrimidine nucleoside residues. In the latter case further hydrolysis might well lead to 
rupture between the deoxyribose molecule and phosphorus so that pyrimidine nucleosides 
bearing two phosphate groups would be produced. It is hoped to return to this point in a 
later paper, and to examine its significance in connection with the sequence of nucleoside 
residues in the polynucleotide chain. 


EXPERIMENTAL 

Separation of Thymidine Diphosphate and Deoxycytidine Diphosphate from Acid Hydrolysates 
of Herving Sperm Deoxyribonucleic Acid.—An aqueous solution of the barium salts (1-3 g.), 
obtained after hydrolysis and hot precipitation by Levene’s method (loc. cit.), was run slowly 
on to a column (10 cm. x 5 sq. cm.) of Dowex-2 anion-exchange resin (mesh size 200—-400) 
in the chloride form, and the column washed with water until barium ion was no longer removed 
:lution was continued with 0-008N-hydrochloric acid (approx. 2 c.c./min.), and the eluate 
collected in 20-c.c. fractions in an automatically operated fraction-collector. The progress of 
elution was followed by estimating the optical-density ratio of the fractions at 260 and 280 mu. 
After the first major component (deoxycytidine diphosphate, optical-density ratio 280/260 mu 
2-05) had been eluted, the second component (thymidine diphosphate, optical-density ratio 

0-65) was removed from the column with 0-075N-hydrochloric acid. 

The fractions containing deoxycytidine diphosphate were united and concentrated at room 
temperature under reduced pressure to small bulk (50 c.c.), and the product was isolated by 
freeze-drying this solution. The residue was dissolved in a little water, and a solution of 
excess of brucine in methanol added. After evaporation to dryness under reduced pressure, the 
resultant crystalline mass was recrystallised twice from 80% ethanol and once from 35% 
ethanol, giving large hydrated needles of the tetrabyucine salt (325 mg.) of deoxycytidine-3’ : 5’ 
diphosphate, sinters at 180°, melts at 185° (Found, in air dried material: C, 51-2; H, 6-7; N, 
6-6; P, 2:5; loss at 130°/5 x 10° mm., 18:2. CyH,,;01,9N3,P2,4C3H2g9,N2,23H,O requires 
C, 51-0; H, 6-9; N, 6-5; P, 2:6; 23H,O, 17-4. Found, in material dried at atmospheric 
pressure over CaCl,: C, 57:5; H, 6:3. C,H,,0,9N,Ps,4C,3H,,O,N,,8H,O requires C, 57-5; 
H, 6-4. Found, in material dried at 130°/5 x 10° mm. for 12 hours: C, 61-7; H, 5-8; N, 7-6. 
CyH 130 9N3P2,4Co3H2,0,N2 requires C, 61-8; H, 6-1; N,7-8%). Material regenerated from the 
brucine salt had the following spectral characteristics: Amax, 280 Mu; Amin, 240—241 muy; 
optical-density ratios 240/260 mu = 0-25, 280/260 mu = 2-05 1n 0-05N-HCl. imax, 271—272 my; 


950 Nucleotides. Part XIX. 


Amin, 250-251 mu; optical-density ratios 240/260 my = 0-96, 280/260 my = 0-995 in 0-05 
N-NaOH. 
The fractions containing thymidine diphosphate were united and neutralised with saturated 


aqueous barium hydroxide. Excess of lead acetate solution (20°,) was then added, and the 
lead salt collected by centrifugation, washed several times with water, and finally decomposed 
in the usual manner with hydrogen sulphide at room temperature. After aeration, the solution 
of thymidine diphospate was treated with a slight excess of aqueous barium hydroxide, then 
neutralised with carbon dioxide (final vol. approx. 500 c.c.). Inorganic matter was removed 
by centrifugation and the supernatant liquid concentrated under reduced pressure to 15 c.c. 
The solution was then boiled for several minutes, causing the separation of a white granular 


precipitate which was collected and dried (570 mg.) (Found, in crude material dried at 110°/1 
mm, for 12 hours: C, 19-3; H, 27. Calc. for C,,H,,0,,N,P,Ba,: C, 17-8; H, 18%) 
Purification was accomplished by redissolution in the minimum amount of cold water, removal 
of a small amount of insoluble material at the centrifuge, concentration im vacuo, and repre- 
cipitation by heat. This process was repeated several times. The purified dibarium thymidine- 
3’: 5’ diphosphate consisted of tiny, colourless, striated globules (Found: C, 18-1; H, 2:3; 
N, 3°98; P, 89. Calc. for C,,H,,.0,,N,P,Ba,: C, 17-8; H, 1-8; N, 42; P, 9-2%). Light 
absorption: Amax, 266m; Amin, 232—-233 my; optical-density ratios 240/260 my = 0-35, 
280/260 mp = 0-65 in 0-05N-HCIl.  Amax. 266 Mu; Amin, 244 My; optical-density ratios 240/260 
mu = 0-75, 280/260 mp = 0-63 in 0-05N-NaOH. 

The tetrabrucine salt crystallised in small needles from 35°, ethanol; it softens at 176 
and melts at 182—184° [Found, in air-dried material: C, 53-0; H, 6:7; N, 6-1; P, 2-6; 


loss at 130°/5 x 10%mm., 14-6. C,)9H,,0,,N2P2,4C.3H..0,N,,18H,O requires C, 53-2; H, 6-8; 
N, 6-1; P, 2-7; 18H,O, 14:1. Found, in anhyd. material (slight decomp.) : C, 60-4; H, 6-2 
CoH 1601, NoP2,4C3HggO,Ne requires C, 61-9; H, 6-1. Found, in material dried at 1 atm. over 
CaCl,: C, 54:3; H, 7°2. Cy9H,,0,,;NeP2,4C.3H,,0,N>,14H,O requires C, 54-9; H, 6-6. (Levene, 
loc. cit., reports the tetrabrucine salt as crystallising with 14H,O.) Found, in material dried at 
110°/1 mm. for 18 hours: C, 58:2; H, 6-1; N, 6-7. Cy9H,.0,,N2P2,4C.3H2,0,N,7H,O requires 
C, 58:2; H, 6-4; N, 67%]. 

Action of Bull Semen Phosphates on Thymidine-3’ : 5’ Diphosphate (cf. Carter, J. 4mer. Chem 
Soc., 1951, 78, 1537).—Thymidine-3’ : 5’ diphosphate (prepared from the barium salt) and 
adenosine-5’ phosphate were separately dissolved in veronal buffer (pH 6-2) to give approx. 02° 
solutions. The enzyme solution was undiluted, centrifuged, bull semen. Substrate (0-25 c.c.), 
0-01M-magnesium chloride solution (0-05 c.c.), and enzyme (0-1 c.c.) were incubated at 37° for 
1 hour. Inorganic-phosphorus determinations by Allen’s method (Biochem. J., 1940, 34, 858) 
showed complete dephosphorylation of the adenosine-5’ phosphate and negligible dephosphory] 
ation of the thymidine-3’ : 5’ diphosphate. 

Phosphorylation of Thymidine.—A solution of thymidine (2-23 g.; dried for 12 hours at 
110°/1 mm.) in dry pyridine (30 c.c.) at —40° was treated with dibenzyl phosphorochloridate 
(from 10 g. of dibenzyl phosphite; Atherton, Openshaw, and Todd, /., 1945, 382) and kept 
just above the m. p. of the mixture for 6 hours, and then left at room temperature overnight. 
Water (20 c.c.) and sodium carbonate (5 g.) were added, and the mixture was evaporated to 
dryness under reduced pressure. The residue was dissolved in chloroform, washed with aqueous 
sodium hydrogen carbonate and then with water, and dried (Na,SO,); removal of the solvent 
under reduced pressure gave a gum which was evaporated twice with ethanol and finally dissolved 
in a small volume of ethanol. Addition of ether (300 c.c.) gave a gummy precipitate which was 
washed with ether by decantation, dissolved in acetone, and evaporated to a cream-coloured 
glass (5-6 g.) under reduced pressure. 

A solution of the glass (4 g.) in aqueous ethanol (200 c.c. of 50°,) was hydrogenated at room 
temperature and atmos heric pressure, at a mixture of palladium and palladised charcoal 
catalysts. Catalyst was removed by filtration and the solution concentrated to small volume 
under reduced pressure. Water (100 c.c.) was added, then saturated barium hydroxide solution 
to pH 8. After neutralisation with carbon dioxide and centrifugation, the solution was 
evaporated to small bulk im vacuo and boiled for several minutes. The granular precipitate 
formed was filtered off and the process repeated after concentration of the filtrate, to give a total 
of 1-35 g. of crude barium salt of thymidine-3’ ; 5’ diphosphate. The final mother-liquors were 
examined on an anion-exchange column (Dowex-2, chloride form) and found to contain mainly 
mononucleotide material. The synthetic barium thymidine-3’: 5’ diphosphate was purified 
as described for the natural nucleotide (Found: C, 18:1; H, 2:1; N, 3-9; P, 8:8. Calc. for 
C1 9H,,0,,N,P,Ba,: C, 17-8; H, 1-8; N, 4:2; P, 92%). Infra-red spectra of the natural and 
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the synthetic barium salt were identical. The tetrabrucine salt softened at 176°, and melted at 
182—-184° undepressed in admixture with the tetrabrucine salt of natural thymidine diphosphate 
(ound, in air-dried material: C, 53-1; H, 7-0; N, 61. CygH,.0,,;N,P3,4C.3H,,O,N,,18H,O 
requires C, 53-2; H, 6-8; N, 6-194). X-Ray powder photographs of the natural and the syn- 
thetic tetrabrucine salt were identical. 

Phosphorylation of Deoxycytidine.—-A solution of deoxycytidine (0-97 g.) in dry pyridine 
(50 c.c.) was treated with dibenzyl phosphorochloridate (from 5 g. of dibenzyl phosphite) and 
worked up as in the phosphorylation of thymidine. After hydrogenation, the mixture was 
adjusted to pH 9 and run on to a Dowex-2 column (chloride form). Mononucleotide material 
was removed with 0-005N-hydrochloric acid, then the diphosphate eluted with 0-009N-acid. 
From the fractions containing deoxycytidine-3’ : 5’ diphosphate the tetrabrucine salt was pre- 
pared as described for the natural product; it had m. p. 185° after sintering at 180°, undepressed 
in admixture with the brucine salt of natural deoxycytidine-3’ : 5’ diphosphate (Found, in air- 
dried material: C, 50-9; H, 64; N, 65. CyH,;0,9N3P2,4C23H,,0,N2,23H,O requires C, 51-0; 
H, 6-9; N, 6-594). X-Ray powder photographs of the natural and synthetic specimens were 
identical, as were the infra-red spectra. 
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198. Nucleotides. Part XX.* Mononucleotides derived from Thy- 
midine. Identity of Thymidylic Acid from Natural Sources with 
Thymidine-5’ Phosphate. 

By A. M. MICHELSON and A. R. Topp. 


Thymidine-3’ phosphate has been prepared by phosphorylation of 
5’-trityl thymidine with dibenzyl phosphorochloridate (chlorophosphonate) 
and removal of protecting groups. Thymidine-5’ phosphate, prepared by a 
similar method via 3’-acetyl thymidine, was found to be identical with 
thymidylic acid obtained by enzymic hydrolysis of deoxyribonucleic acids. ~ 
Wir the successful development of methods for the isolation in quantity of the deoxy- 
ribonucleosides obtained by enzymic hydrolysis of deoxyribonucleic acids (Part XIV, 
Andersen, Dekker and Todd, /., 1952, 2721) the way became clear for the synthesis of the 
simple deoxyribonucleotides. Their synthesis is an essential part of that section of our 
general programme of researches on nucleotides directed to the study of polydeoxyribo- 
nucleotides, but it has added importance in that only by unambiguous synthesis of the 
various deoxyribonucleoside phosphates can the postulated structure of the natural 
nucleotides be finally confirmed. The deoxyribonucleotides obtained by careful enzymic 
hydrolysis of deoxyribonucleic acids have, in the past, been rather inaccessible substances 
and as a result they have been but little studied. The four nucleotides, deoxyadenylic, 
deoxyguanylic, deoxycytidylic, and thymidylic acid (monophosphates of the respective 
nucleosides) have been isolated in crystalline form by Klein and Thannhauser (Z. phystol. 
Chem., 1933, 218, 173; 1934, 224, 252; 1935, 231, 96) and the existence of a fifth, deoxy-5- 
methylcytidylic acid, in enzymic digests of thymus nucleic acid has been convincingly 
demonstrated by Cohn (J. Amer. Chem. Soc., 1951, 73, 1539) although this has not been 
isolated in crystalline form. Until very recently it was considered that the phosphoryl 
group in the natural deoxyribonucleotides was in each case at Ci, of the deoxyribose residue, 
simply on an assumed analogy with the natural ribonucleotides from ribonucleic acids, 
which were formerly thought to be the 3’-phosphates of their respective ribonucleosides. 
The finding that enzymic hydrolysis of ribonucleic acids with ribonuclease followed by 
intestinal phosphatase gives substantial amounts of ribonucleoside-5’ phosphates (Cohn and 
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Volkin, Nature, 1951, 167, 483) aroused some doubts, and Carter (J. Amer. Chem. Soc., 
1951, 73, 1537) as a result of experiments on the action of purified 5’-nucleotidase on the 
natural deoxyribonucleotides brought forward strong evidence for the view that they were 
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in fact deoxyribonucleoside-5’ phosphates. A comparison of the ion-exchange behaviour 
of natural deoxyadenylic acid with that of the 2’-, 3’- and 5’-phosphates of adenosine also 
lends support to this view (Volkin, Khym, and Cohn, J. Amer. Chem. Soc., 1951, 73, 1535). 

In the present investigation, the isomeric 3’- and 5’-phosphates of the natural deoxy- 
ribonucleoside thymidine (deoxy-5-methyluridine) have been synthesised. 5’-Trityl 
thymidine (I) (Levene and Tipson, J. Biol. Chem., 1935, 109, 623) was phosphorylated in 
the usual way with dibenzyl phosphorochloridate. The crude product, treated with hot 
acetic acid, gave a material consisting largely of thymidine-3’ benzyl phosphate, which, on 
hydrogenolysis, yielded thymidine-3’ phosphate (IL; RK = thymine), characterised as its 
crystalline barium and brucine salts. A small amount of a by-product was isolated, which 
had the analytical composition and stability of a dinucleoside phosphate; its formation 
was unexpected and its precise structure has not been determined. 

Acetylation of 5’-trityl thymidine readily yielded 3’-acetyl 5’-trityl thymidine (IIT; 
K == thymine), converted by short heating with acetic acid into 3’-acetyl thymidine (IV; 
K == thymine). To provide further evidence that this compound had the structure 
allotted to it and that no acetyl migration had occurred in its preparation, it was treated 
with toluene-f-sulphonyl chloride in pyridine and the resulting toluene-p-sulphonyl 
derivative was heated with sodium iodide in acetone (Oldham—Rutherford reaction). 
Replacement of the toluene-f-sulphonyl group by iodine occurred smoothly, giving the 
crystalline 3’-acetyl 5’-deoxy-5’-iodothymidine. Phosphorylation of 3’-acetyl thymidine 
with dibenzyl phosphorochloridate, followed by removal of protecting groups, yielded 
thymidine-5’ phosphate (V; R = thymine) isolated as its barium and brucine salts. 

The synthetic thymidine-5’ phosphate corresponded in its properties to natural 
thymidylic acid (Klein and Thannhauser, Joc. cit.), and it was identical in paper chromato- 
graphic and ion-exchange characteristics with the natural material supplied by Dr. W. 
Cohn. The action of a preparation of rattlesnake (Crotalus atrox) venom containing 5’- 
nucleotidase on the synthetic materials and on several other nucleotides was examined. 
The venom had no action on thymidine-3’ phosphate, thymidine-3’ : 5’ diphosphate (Dekker, 
Michelson, and Todd, preceding paper), thymidine-3’ benzyl phosphate, or adenylic acid a; 
it dephosphorylated thymidine-5’ phosphate (natural and synthetic), thymidine-5’ benzyl] 
phosphate, adenosine-5’ benzyl phosphate and cytidine-5’ phosphate. 

We consider that these findings confirm Carter’s views (loc. cit.) and establish that, 
at least in the case of natural thymidylic acid, the phosphoryl group is located at C;,,. 


EXPERIMENTAL 
5’-Trityl Thymidine.—Triphenylmethy] chloride (3-5 g.) was added to a solution of anhydrous 
thymidine (2-5 g.) in dry pyridine (50 c.c.) and the mixture left at room temperature for 1 week. 
It was then cooled to 0° and poured into ice-water (500 c.c.) with vigorous stirring, and the 


19538 Nucleotides. Part XX. 953 


precipitate washed with water and dried in vacuo (P,O;). The product was next dissolved in 
acetone (5 c.c.), dry benzene (35 c.c.) was added, and after filtration the acetone was boiled off, 
and the resulting solution cooled. 5’-Trityl thymidine separated as colourless needles (4 g., 
80%), m. p. 128°, [x]}$ +19-2° (c, 1-1 in 959% EtOH). Levene and Tipson (J. Biol. Chem., 
1935, 109, 623) give m. p. 125°, [a # +11-4° (in COMe,). 

Thvmidine-3' Phosphate.—A solution of 5’-trityl thymidine (6-3 g.) in dry pyridine (65 c.c.) 
was cooled to just above its m. p., and dibenzyl phosphorochloridate (from 10 g. of dibenzy| 
phosphite) was added. The mixture was kept at this temperature with occasional shaking 
during 6 hours, then left at 0° overnight. Aqueous sodium carbonate (5 g. in 30 c.c. of water) 
was added, the mixture evaporated under reduced pressure, and the residue shaken with 
chloroform and aqueous sodium hydrogen carbonate. The chloroform layer was further washed 
with sodium hydrogen carbonate, then with water, dried (Na,SO,), and evaporated to a cream- 
coloured glass (A). A solution of (A) in ethanol was filtered, concentrated to small bulk (30c.c.), 
and diluted with ether (250 c.c.).. After several hours at 0° the precipitated gum was washed 
with ether and re-dissolved in ethanol—acetone. The filtered solution was evaporated, giving 
crude 5’-trityl thymidine-3' dibenzyl phosphate, a slightly yellowish glass (B) (7-8 g.) (Found, in 
material dried at 60°/1 mm. for 12 hours: C, 63-3; H, 5-5; N, 3-4. C,,H,,O,N,P requires C, 
69:3; H, 5-5; N, 3-8%). 

The glass (B) (7-6 g.) was boiled in acetic acid (50 c.c. of 80°) for 7 minutes. Acetic acid 
was removed under reduced pressure, the residue neutralised with aqueous barium hydroxide, 
and triphenylmethanol removed by extraction several times with chloroform. Barium was 
removed from the aqueous solution by titration with sulphuric acid (rhodizonic acid) and centri- 
fugation, and the solution concentrated to small bulk under reduced pressure and freeze-dried. 
The residue was purified by re-dissolving it in methanol, filtering and again evaporating; the 
residue was a glass (C) (3-3 g.). Paper-chromatographic examination showed that it contained 
four components. The major component, from its behaviour, appeared to be the expected 
thymidine-3’ benzyl phosphate; accompanying it were a small amount of free thymidine and 
very small amounts of free nucleotide (thymidine-3’ phosphate) and an unknown substance. 
Separation was achieved on an ion-exchange column (Dowex-2; chloride form); elution with 
0-002N-hydrochloric acid removed the thymidine, 0-006N-acid the free nucleotide, 0-007N-acid 
the unknown substance, and 0-025N-acid eluted the thymidine-3’ benzyl phosphate as a very 
wide peak. (For repetition of such work the normalities given in the Table on p. 956 are 
recommended.) 

The crude glass (C) (2-4 g.) was hydrogenated in aqueous ethanol (100 c.c. of 75%) at room 
temp./1 atm. over a mixture of palladium and palladised-charcoal catalysts. Catalyst was 
removed, and the filtrate concentrated to small bulk under reduced pressure, then brought to 
pH 7-5 with saturated aqueous barium hydroxide. The precipitate (mainly barium phosphate) 
was centrifuged off and well washed with water and the combined supernatant liquids were con- 
centrated to small bulk under reduced pressure. Paper-chromatographic examination, using 
n-butanol—-water (86: 14) and zsopropanol—water-ammonia (70): 20: 10) showed the presence 
of thymidine, thymidine-3’ phosphate, and a very small amount of an “‘ unknown component ”’ 
(derived, doubtless, from the unknown substance present in the original glass). Fractional 
precipitation of barium salts with ethanol having proved abortive as a method of separation, the 
solution was treated with aqueous lead acetate at pH 6-8. The lead salt precipitate was centri- 
fuged off, washed well with water, and decomposed with hydrogen sulphide in the usual way, 
the product was converted into the barium salt, and the solution concentrated to 20 c.c. unde 
reduced pressure. The barium salt which was precipitated on addition of ethanol (40 c.c.) was 
dried and dissolved in water, in which it was but moderately soluble, and the solution was con- 
centrated to small volume (10 c.c.) and boiled for a few minutes. The granular precipitate was 
collected and purified by repetition of the process several times. Barium thymidine-3' phosphate 
crystallised slowly from concentrated aqueous solution as colourless needles, [x]} +-7-3° 
c, 1-5 in H,O) (Found, in material dried at 110°/1 mm. for 12 hours: C, 24-1; H, 3-8; N, 5:7; 
P, 6-1. C,9H,;0,N,PBa,2H,O requires C, 24:3; H, 3-5; N, 5-7; P, 63%. Found, in material 
dried at 130°/5 x 10° mm. for 12 hours: C, 25-2; H, 3-4; N, 5-9. C,9H,,0,N,PBa,H,O 
requires C, 25-3; H, 3-2; N, 5:9%). 

Dibrucine thymidine-3’ phosphate, prepared in the usual manner from the barium salt, 
recrystallised from aqueous ethanol (40°) as colourless needles which on heating softened at 172° 
and melted at 178° (Found, in air-dried material: C, 54:6; H, 6-7; N, 6-7. 

Croft 1sOgNeP,2Cy3H2,0,N,,7H,O requires C, 54-4; H, 6-5; N, 6-8% 
The “ unknown component "’ of the crude hydrogenation product was isolated by combining 
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all supernatant liquids from the lead salt precipitation and adding more lead acetate to them at 
pH 9-3. The mixture (ca. 300 c.c.) was heated to boiling and filtered. When the filtrate was 
cooled a gelatinous lead salt of the ‘‘unknown component” separated; it was collected and de- 
composed in the usual way and the free acid converted into the barium salt. The latter, which 
was very soluble in water, was purified by precipitation with acetone, forming a fine white powder 
Found, in material dried at 130°/5 x 10° mm. for 12 hours: C, 39:3; H, 4:7; N, 9-2). The 
ubstance was unaffected by rattlesnake venom and showed the stability towards acid and 
alkaline hydrolysis which would be expected of a diester of phosphoric acid [barium salt of 
dithymidine phosphate (C,9H,,0,,N,P),Ba requires C, 39-3; H, 4:2; N, 91%]. 

3’-A cetyl 5’-Trityl Thymidine.—A solution of anhydrous 5’-trityl thymidine (3-75 g.) in pyridine 
(35 c.c.) and acetic anhydride (8 c.c.) was kept at room temperature for ca, 20 hours, then cooled 
to 0° and poured into ice water (500 c.c.) with vigorous stirring. The white amorphous pre- 
cipitate was washed with water and dried (4:0 g., 98%; m. p. ca. 90°). Recrystallised from 
benzene-light petroleum (b. p. 40—60°), 3’-acetyl 5’-trityl thymidine formed rosettes of needles, 
m. p. 105°, fal}? +18-6°, [ag +25-1° (c, 1-1 in 95% EtOH) (Found, in material dried for 10 
hours at 70°/5 x 10 mm.: C, 73-9; H, 6-2; N, 4-7. C3,H;,0,N,,C,H, requires C, 73-5; H, 
6-0; N, 4:6. Found, in material sublimed at 200—220°/10-5 mm.: C, 70:3; H, 5:7; N, 5-6. 
C,,H,,O,N, requires C, 70-7; H, 5-7; N, 5-3%). 

3’-Acetyl Thymidine.—A solution of 3’-acetyl 5’-trityl thymidine (3-7 g.) in acetic acid (12-5 
c.c. of 80°%) was heated under reflux for 10 minutes, cooled to room temperature, and diluted 
with ice-water (230 c.c.). The precipitate of triphenylmethanol was filtered off and the filtrate 
taken to dryness under reduced pressure at <30°, giving a crystalline mass. Recrystallised from 
acetone or acetone-light petroleum (b. p. 40—60°), 3’-acetyl thymidine formed needles (1-8 g., 
90% ; m. p. 176°), [a]} +-0-7°, [ali +0°7° (c 1-43 in 95%, EtOH) (Found, in material dried for 
5 hours at 70°/5 x 10*mm.: C, 50-9; H, 5:5; N, 10-0. C,.H,,0,N, requires C, 50-7; H, 5:6; 
N, 9:9%). 

3’-Acetyl 5’-Deoxy-5'-iodothymidine.—A solution of anhydrous 3’-acetyl thymidine (0-65 g 
and toluene-p-sulphonyl chloride (0-49 g., 1-1 mol.) in dry pyridine (10 c.c.) was set aside at 
room temperature overnight, then poured into ice-water (140 c.c.) with vigorous stirring. The 
aqueous suspension was extracted three times with chloroform, and the combined extracts were 
washed with cold dilute sulphuric acid to remove pyridine, then with cold dilute sodium hydrogen 
carbonate solution, and finally with cold water, dried (Na,SO,), and evaporated under reduced 
pressure. The residual gum was dissolved in acetone and filtered to remove the slight turbidity 
and the solvent removed under reduced pressure to give a frothy glass (0-70 g.) of crude 3’- 
acetyl 5’-toluene-p-sulphonyl thymidine. This glass (0-64 g.) was dissolved in anhydrous acetone 
(25 c.c.), sodium iodide (0-70 g.) added, and the solution heated at 100° for 2 hours. Sodium 
toluene-p-sulphonate (0-250 g.; theor., 0-283 g.) was removed and the filtrate taken to dryness 
under reduced pressure. To the residue, water and chloroform were added, and the chloroform 
extract was washed with a little cold dilute sodium hydrogen carbonate solution, then with 
water, dried (Na,SO,), and taken to dryness under reduced pressure twice with acetone to remove 
traces of chloroform. The pale yellow frothy glass crystallised from methanol-ether-light 
petroleum (b. p. 40—60°) as colourless needles (0:43 g. = 75°%) of 3’-acetvl 5’-deoxy-5’-iodo- 
thymidine, m. p. 131°, [a] —5-6°, [al —6-9° (c, 1-6 in 95% EtOH) (Found, in material 
dried for 10 hours at 100°/5 x 10-* mm.: C, 37-1; H, 3-7; N, 7-4. C,,H,,0,N,I requires C, 
36-6; H, 3:8; N, 7-1%). 

Thymidine-5’ Phosphate.—-Dibenzyl phosphorochloridate (from 5 g. of dibenzyl phosphite) 
was added to a solution of 3’-acetyl thymidine (2-01 g., dried at 110°/1 mm. for 12 hours) in 
anhydrous pyridine (25c.c.) at —30°, and the mixture kept just above its f. p. for 3 hours and then 
left at room temperature overnight. Water (15 c.c.) and sodium carbonate (2-5 g.) were added, 
and the mixture was evaporated to dryness under reduced pressure. The residue was dissolved 
in chloroform, washed with aqueous sodium hydrogen carbonate and then with water, and dried 
(Na,SO,); removal of the solvent under reduced pressure gave a gum which was evaporated 
twice with ethanol and dissolved in a little ethanol, and ether (200 c.c.) was added to precipitate 
an oil. The oil was dissolved in acetone, and the solution filtered and evaporated under reduced 
pressure to a pale yellow glass (3-2 g.), consisting mainly of 3’-acetyl thymidine-5’ dibenzyl 
phosphate. 

A solution of this (1-75 g.) in aqueous ethanol (50 c.c. of 7594) was hydrogenated at room 
temperature over a mixture of palladium and palladised-charcoal catalysts. Hydrogen uptake 

178 c.c.) was complete in 1 hour. Catalyst was removed and the solution of 3’-acetyl thymidine-5’ 
phosphate brought to pH 11 with barium hydroxide and kept at 30° for 30 min. to hydrolyse 
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the acetyl group. The solution was then neutralised with carbon dioxide, boiled, and filtered. 
Lead acetate solution was then added, and the gelatinous lead salt of the nucleotide centrifuged off, 
well washed with water, and decomposed with hydrogen sulphide. The supernatant liquids from 
the precipitate of lead sulphide were concentrated under reduced pressure and finally lyophilised. 
rhe residue, which could not be crystallised, was dissolved in water (5 c.c.), neutralised with 
barium hydroxide, and filtered, and the barium thymidine-5’ phosphate precipitated by addition 
of two volumes of ethanol. After being washed with ethanol and then ether, and dried, the 
white amorphous solid was re-dissolved in water, clarified by centrifugation and again precipitated 
by adding two volumes of ethanol; the salt was washed with ethanol, then ether, and dried 
0-72 g.) (Found, in material dried for 12 hours at 110°/1 mm.: C, 25-6, 25-6; H, 3-1, 3-2; 
N, 5°7, 6-0; P, 6:5. Calc. for C,gH,,0O,N,PBa: C, 26:3; H, 2-8; N,6-1; P,6-8%), [a 17 — 3-0° 

2-0 in water). Klein and Thannhauser (Z. physiol. Chem., 1935, 231, 96) give [a at 4-4 
for natural barium thymidylate 

Dibrucine thymidine-5’ phosphate was prepared from the above barium salt in the usual 
manner. Kecrystallised from aqueous ethanol (first 95°, and then 60°.) it formed rosettes of 
needles which softened at 140°, formed colourless globules at ca. 155° and melted to a clear 
liquid at ca 175° (Found, in air-dried material: C, 54-6; H, 6:3; N, 6-9. 
Ci9H,,;0,N.P,2C,3H,,O,N,,7H,O requires C, 54-4; H, 6-5; N, 68%) 

Thymidine-5’ Phosphate via Thymidine-5’ Benzyl Phosphate.—A solution of 3’-acetyl 
thymidine-5’ dibenzyl phosphate (1-2 g.) in a mixture of dry benzene (5 c.c.) and 4-methyl- 
morpholine (10 c.c.) was kept at 100° for 2 hours. Solvent was removed under reduced pressure, 
the residue dissolved in water (20 c.c.), and the solution made alkaline with barium hydroxide 
and kept at pH 11 for 1 hour at 30°. After neutralisation with carbon dioxide, the deep yellow 

olution was extracted 5 times with chloroform, and the chloroform extracts were discarded. 
The residual solution of crude barium thymidine-5’ benzyl phosphate (containing barium 
acetate) was made up to 100 c.c. and passed through a column of ion-exchange resin (IRC-50 ; 
acid form), and the effluent evaporated to 15 c.c. under reduced pressure, then freeze-dried 
Che residue was dissolved in methanol, and the solution filtered and taken to dryness to give a 
hygroscopic white glass (0-9 g.) which could not be crystallised (Found, in material dried at 
$0°/1 mm. for 12 hours: C, 49-2; H, 6-5; N, 7-7. Thymidine-5’ benzyl phosphate C,,H,,0,N,P 
requires C, 49:5; H, 5-1; N, 68%). Paper chromatography in aqueous n-butanol and in 
isopropanol-ammonia systems indicated the presence of only one component absorbing in the 
ultra-violet region. The crude benzyl ester (0-5 g.) was hydrogenated in the usual manner, in 
aqueous ethanol, and worked up as barium thymidine-5’ phosphate (0-300 g.) (Found, in material 
dried at 110°/1 mm. for 12 hours: N, 6-0. Calc. for C,)H,,0,N,PBa: N, 6-1%). 

Action of Rattlesnake (Crotalus atrox) Venom on Thymidine Phosphates.—To each nucleotide 
derivative (ca. 1 mg.) were added glycine buffer (0-3 c.c. of 0-25m; pH 9), magnesium chloride 
(0-1 c.c. of 0-Im), and rattlesnake venom (0-1 c.c. of a solution containing 20 mg. of dried 
Crotalus atrox venom in 1 c.c. of 0-1M-potassium chloride). The mixture was in each case 
incubated at 37° for 3 hours and then run on paper chromatograms with appropriate controls ; 
the solvent systems were n-butanol-water (86: 14) and zsopropanol-water—ammonia (70 : 20: 10). 

Separation of Mixtures of Thymidine-3’ and Thymidine-5’ Phosphate.—Separation was 
achieved on an ion-exchange column (Dowex-2; formate form), elution being with a solution 
0-05M with respect to sodium formate and 0-01m to formic acid. The elution diagram showed 
two peaks, the first corresponding to thymidine-5’ and the second to thymidine-3’ phosphate. 

Paper Chromatography of Thymidine Derivatives.—-Solvent systems used: I, n-butanol- 


water (86:14); II, tsopropanol-ammonia—water (70:10: 20); III, -propanol-2n-hydro 
chloric acid (3: 1 Results are tabulated 
Ascending Ftp values 
I II Ill 
Thymidine ....:.. pais Covecntucsensdaxdaese thre rdanaetaee wis 0-43 0-62 0-73 
PRYEMGMC-S PMOSPRALS 2 ..-6.ceseesssesescisesenes ens : 0 0-075 0-78 
Thymidine-5’ phosphate _................ ares saasSas Aa ; 0 0-068 0-69 
Natural Civics GOI ce ckscnsccccssscavesvesds Sa BOP re | 0-068 0-69 
Phypdine-3'* G Giphnosphate. .. css <csesncsaascadecsscteverss Meerrrerrs 0 0 0-75 
Thymidine-3’ benzy! phosphate.................006+ acs 0-215 0-65 
Thymidine-5’ benzyl phosphate...................... ; 0-20 0-59 
SW -PICCUGY GYRE caresses Gudadecndied atevdawseanvess : . 0-63 _- 
3’-Acetyl thymidine-5’ phosphate ............... ree . 0-026 0-123 
3’-Acetyl 5’-iodo-5’-deoxythymidine —.............45. sae OTS 


‘Unknown component ”’ from thymidine-3’ phosphate preparation.... 0) 0-38 
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lon-exchange Characteristics of Thymidine Phosphates Results are tabulated. 
Optical-density ratio 280 260 Normality of HCl for removal 
my in 0-01N-HCl from Dowex-?2 resin 
rhymidine-3’ phosphate ......... : 0-69 0-006 
Chymidine-5’ phosphate ............ 0-71 0-006 
Thymidine-3’ benzyl phosphate ... 0-77 0-08 
Thymidine-5’ benzyl phosphate ... 0-79 0-03 
Thymidine-3’ : 5’ diphosphate ...... 0-65 0-075 
“Unknown component’ _......... 0-68 0-009 


We gratefully acknowledge grants from the Rockefeller Foundation and from Roche Products 
Ltd 


UNIVERSITY CHEMICAL LABORATORY, CAMBRIDGE. Received, November 14th, 1952 


199. Steroids. Part VIII.* 22: 23-Dibromo-9é : lla-dihydroxy- 
ergostan-38-yl Acetate and Related Compounds, 


By RICHARD BupziAreEK and F. S. SPRING. 


Oxidation of 22: 23-dibromo-9& : 11«-dihydroxyergostan-38-yl acetate 
(I) with chromium trioxide gives 22 : 23-dibromo-92-hydroxy-7 : 11-diketoer- 
padre bis acetate (III), vigorous treatment of which with alkali followed 
by acetylation gives the known 22: 23-dibromo-7 : 11-diketoergost-8-en-38-y] 
acetate (VII). Whereas treatment of (VII) with zinc dust and acetic acid 
gives 7: 11-diketoergost-22-en-38-yl acetate (XII) with zinc dust in ether- 
methanol it gives 7: 11-diketo-8«-ergost-22-en-33-yl acetate (XI), readily 
isomerised to (XII) on being heated with acetic acid. 


In Parts III and VII (Budziarek, Johnson, and Spring, /., 1952, 3410; Budziarek, Hamlet, 
and Spring, /., 1953, 778) it was shown that ergosteryl-D acetate 22 : 23-dibromide can 
be converted into 22 : 23-dibromo-9€ : 11a-dihydroxy-7-ketoergostan-38-yl acetate (I) in 
four stages each of which proceeds in high yield. Oxidation of (I) with chromium trioxide 
gives 22 : 23-dibromo-9é-hydroxy-7 : 11-diketoergostan-38-yl acetate (III), debromination 
of which, with zinc, yields 9€-hydroxy-7 : a acetate (V), also 
obtained by chromium trioxide oxidation of 9& : 11x-dihydroxy-7-ketoergost-22-en-: 33-yl 
acetate (II) (Budziarek, Hamlet, and Spring, Joc. a Controlled alkaline hydrolysis of 
(V) gives 38 : 9&-dihydroxyergost-22-ene-7 : 11-dione (VI) which is also obtained by zinc 
dust debromination of the corresponding dibromide (LV). 

Although treatment of 22: 2: dierccstioiouny -7 : 1l-diketoergostan-33-yl acetate 
(III) with dilute alkali gives (IV), vigorous treatment of (111) with alkali followed by acetyl- 
ation of the reaction product, yields, as major product, 2: 22 : 23-dibromo-7 : 11-diketoergost- 

8-en-33-yl acetate (VII), identical with a specimen prepared by a different route by Bud- 
ziarek, Johnson, and Spring (/oc. cit.) who showed that treatment of (VII) with zinc dust and 
acetic acid gives the well-known 7: 11-diketoergost-22-en-33-yl acetate (XII). An 
attempt was made to limit this last reaction to simple debromination by treatment of (VII) 
with zinc dust in ether-methanol. Surprisingly, the reaction gave a compound, CygH4,0,, 
x], +30°, which does not show intense absorption above 2200 A. Simple warming of an 
acetic acid solution of this compound gives 7 : 11-diketoergost-22-en-33-yl acetate (XII), 
[a]p —28°. The compound, Cy9H4,04, [«]p -+30°, is also obtained by treatment of 7 : 11- 
diketoergosta-8 : 22-dien-38-yl acetate (VIII), 22 : 23-dibromo-8« : 9x%-epoxy-7 : 11-di- 
ketoergostan-38-yl acetate (IX), or 8a: 9a-epoxy-7 : 11-diketoergost-22-en-33-yl acetate (X) 
in ether r-methanol with zinc dust; the conversion of each of these compounds into 7: I1- 
diketoergost-22-en-38-yl acetate by treatment with zinc dust and acetic acid has previously 
been reported (Chamberlin, Ruyle, Erickson, Chemerda, Aliminosa, Erickson, Sita, and 
Tishler, J. Amer. Chem. Soc., 1951, 78, 2396; Heusser, Eichenberger, Kurath, Dallenbach, 
and Jeger, Helv. Chim. Acta, 1951, 34, 2106; Budziarek, Johnson, and Spring, loc. cit.). 


* Part VII, J., 1953, 778 
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The compound, Cy9H4g0y,, [«!p +30°, is therefore an isomer of 7 : 11-diketoergost-22-en-38-yl 
acetate and it must differ from the latter in configuration at C;,) and or Cy). We suggest 
that the new isomer is 7 : 11-diketo-8«-ergost-22-en-33-yl acetate (XI), a cis-addition of 
hydrogen to the 8: 9-double bond having occurred (cf. Barton, Holness, Overton, and 


KX IN R 
HO oO O 
HO HQ ; ) 
AcO H O R’O H O AcO H oO 
(I) B = C,H,.Br, (II1) R = C,H,,Br,, R Ac (VII) R = C,H,,Br, 
(II) R Ci, (IV) R C,H,,Br,, R H (VIII) R C,H; 


(V) R = C,H,,, R’ = Ac 
(V1) R =C,H,,, R =H 


R CBs C,H; 
oO oO ra oO | 
: H \ H\’\|/% 
() } a 
S\N —_ 
( ( ‘ 
' an , H H 
AcO H O AcO H O AcO H oO 
(IX) R = C,H,,Br, (XI) (XI) 


Rosenfelder, J., 1952, 8751, who describe a similar c?s-addition of hydrogen to a 1 : 4-diketo- 


2: 3-ene by treatment with zinc and acetic acid). This view is based on the probability 


that addition of hydrogen at Cy) occurs from the rear of the molecule to give a 9a-hydrogen, 
from which it follows that the new isomer must differ from the normal isomer in the 


configuration at C,.). 
IE XPERIMENTAL 


Melting points are corrected. Specific rotations were determined in chloroform solution in 
a ]-dm. tube at 16—18°. Ultra-violet absorption spectra were measured in absolute ethanol 
solution, a Unicam SP.500 spectrophotometer being used 

22 : 23-Dibromo-92-hydroxy-7 : 11-diketoergostan-33-yl A cetate.—A solution of 22 : 23-dibromo 
9€ : 1lx-dihydroxy-7-ketoergostan-33-yl acetate (4:0 g.) in glacial acetic acid (1000 c.c.) was 
treated with one of chromium trioxide in glacial acetic acid (IN; 25 .c.c.) added dropwise during 
30 minutes at 35—40° with stirring. The solution was kept at room temperature overnight, 
treated with a little methanol, and concentrated under reduced pressure. After dilution of the 
solution with water, the product was isolated by means of ether and crystallised from methanol 


ving 22: 23-dibromo-9€-hydroxy-7 : 11-diketoergostan-38-yl acetate (1-6 g.) as 


chloroform, gi g : 
blades, m. p. 256—258°, [a], +1-5° (c, 4-5) (Found: C, 55-7; H, 7-3. C;,H,,0;Br, requires 
€ 55-7: ri. 7-2%). It does not exhibit light absorption of high intensity above 2000 A. 


22 : 23-Dibromo-9£-hydroxy-7 : 11-diketoergostan-33-yl acetate was recovered unchanged 
a) after its solution in acetic anhydride had been heated under reflux for 24 hours, and (b) after 
its solution in acetic anhydride containing concentrated hydrochloric acid (3 drops) had been 
heated under reflux for 12 hours. 

22 : 23-Dibromo-38 : 9&-dihydroxyergostane-7 : 11-dione.—A 
hydroxy-7 : 11-diketoergostan-33-yl acetate (150 mg.) in methanolic potassium hydroxide (1% ; 
200 c.c.) was refluxed for 30 minutes. The product, isolated in the usual manner, crystallised 


from acetone or methanol to give 22 : 23-dibromo-33 : 92-dihydroxyergostane-7 : 11-dione (120 mg.) 
C, 56-0; H, 7-5. C,gH,O,Br, requires 


as needles, m. p. 234—235°, [a]) + 16° (c, 1-7) (Found 
C, 55-6; H, 7-3%). 

Reacetylation of the alcohol (50 mg.), with pyridine (0-5 c.c.) and acetic anhydride (1 c.c.) 
at 100°, gave the acetate (40 mg.) which separates from methanol-chloroform as blades, 
m. p. 256—258°, [a]) +2° (c, 1-6), undepressed in m. p. when mixed with the specimen described 


solution of 22: 23-dibromo-9£- 


above. 
92-Hydroxy-7 : 11-diketoergost-22-en-38-yl Acetate—(a) A solution of 22: 23-dibromo-9£- 
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hydroxy-7 : 11-diketoergostan-38-yl acetate (160 mg.) in ether-methanol (1:1; 120 c.c.) was 
heated under reflux with zinc dust (2 g.) added portionwise during 34 hours. The product was 
isolated by means of ether and crystallised from aqueous methanol, giving 9£-hydrovy-7 : 11- 


diketoergost-22-en-38-yl acetate (110 mg.) as felted needles, m. p. 183-185", [z]) —23° (c, 1-6) 
(Found: C, 73-85; H, 9°75. C,)H,,O, requires C, 74-0; H, 9:5%). It does not exhibit light 
absorption of high intensity over 2200 A (Eaosq = 3000; Eo159 1100). The same product was 


obtained by using zinc and acetic acid at 100°. 

(b) A solution of 9&: 11«-dihydroxy-7-ketoergost-22-en-33 yl acetate (70 mg.) in glacial 
acetic acid (30 c.c.) was treated with a solution of chromium trioxide in glacial acetic acid (1N; 
0-4 c.c.) added in one portion with shaking at room temperature. The solution was kept at 
room temperature overnight. <A little methanol was added, the solution concentrated under 
reduced pressure and diluted with water, and the oily product isolated by means of ether. After 
2 days with methanol the solid was collected and crystallised from aqueous methanol, giving 
92-hydroxy-7 : 11-diketoergost-22-en-38-yl acetate as felted needles, m. p. 177—-180°, [a], —25° 
(c, 1-4), undepressed in m. p. when mixed with the specimen described above. 

38 : 92-Dihydroxyergost-22-ene-7 : 11-dione.—(a) 9%-Hydroxy-7 :11-diketoergost-22-en-33-y] 
acetate (150 mg.) in methanolic potassium hydroxide (3°; 8 c.c.) was heated gently on the 
steam-bath for 10 seconds; solution was then complete whereafter a crystalline solid separated 
immediately. The solid was collected, washed with methanol, and dried (120 mg., needles, 
m. p. 244—246°). Three recrystallisations from methanol gave 38 : 9§-dihydroxyergost-22- 
ene-7 : 11-dione as needles, m. p. 255-—256°, [x], —8° (c, 0-4 in chloroform-methanol, 20: 1) 
(Found: C, 75-5; H, 10-1. C,gH,,O, requires C, 75-6; H, 10-0%). It does not exhibit light 
absorption of high intensity above 2200 A. 

Reacetylation of the diol (30 mg.), with pyridine (0-5 c.c.) and acetic anhydride (1 c.c.) at 
100°, gave the acetate (25 mg.) which crystallised from methanol in felted needles, m. p. 183—185°, 
4], — 23° (c, 1-5), undepressed in m. p. when mixed with the specimen described above. 

(b) A solution of 22 : 23-dibromo-38 : 9§-dihydroxyergostan-7 : 11-dione (50 mg.) in ether 
methanol (1:1; 30c.c.) was heated under reflux with zinc dust (0-5 g.) added portionwise during 
3 hours. The product, isolated by means of ether, was crystallised from methanol to yield 
38 : 9£-dihydroxyergost-22-ene-7 : 1l-dione as needles, m. p. 254—256°, [x], —7° (c, 0-4 in 
chloroform—methanol, 20: 1), undepressed in m. p. when mixed with the specimen described 
above 

22 : 23-Dibromo-7 : 11-diketoergost-8-en-33-vl Acetate-——A solution of 22: 23-dibromo-9é- 
hydroxy-7 : 11-diketoergostan-38-yl acetate (400 mg.) in methanolic potassium hydroxide (3% ; 
120 c.c.) was refluxed for 3 hours. The product was isolated by means of ether and acetylated 
with acetic anhydride and pyridine. A solution of the acetylated product in benzene (40 
c.c.) was filtered through alumina (Grade I/II; 1-5 x 12 cm.). Evaporation of the first two 
benzene fractions (250c.c.) gave a solid (250 mg.) which crystallised from methanol-chloroform 
to yield 22: 23-dibromo-7 : 11-diketoergost-8-en-38-yl acetate as hexagonal plates, m. p. 
257—259°, [a]p +30° (c, 1-8) (Found: C, 57-6; H, 7:2. Calc. for C3,H,,O,Br,: C, 57-3; H, 
7:05); it is undepressed in m. p. when mixed with the material described by Budziarek, 
Johnson, and Spring (loc. cit.). Light absorption: Max. at 2700 A, « = 9600. 

Evaporation of later benzene fractions gave a yellow solid (100 mg.) which crystallised from 
methanol-chloroform in yellow elongated plates, m. p. 253—255°, [x!) +66° (c, 1-2) (Found : 
C, 57-8; H, 7-294). Light absorption: Max. at 2100 A (c = 8000), 2660 A (c 6300), and 3300 A 
(ec 2600). 

7: 11-Diketo-8x-ergost-22-en-38-yl Acetate.—(a) A solution of 22: 23-dibromo-7 : 11-diketo- 
ergost-8-en-38-yl acetate (150 mg.) in ether—methanol (1:1; 200 c.c.) was heated under 
reflux with zinc dust (2 g.) added portionwise during 3 hours. The mixture was filtered and the 
solution slightly concentrated, whereupon small hexagonal plates separated. The solution was 
cooled and the solid collected, washed with methanol, and dried (100 mg.); it had m. p. 200— 
204°. Two recrystallisations from acetone gave 7 : 11-diketo-8x-ergost-22-en-33-yl acetate as 
hexagonal plates, m. p. 204—206°, [a], +30°, +28° (c, 0-6, 0-5) (Found: C, 76:7; H, 10-1. 
Cy9Hy,O, requires C, 76-5; H, 9-85%). It does not show light absorption of high intensity 
above 2200 A. A mixture with 7: 11-diketoergost-22-en-33-yl acetate (m. p. 197—198°, falp 
— 28°) had m. p. 178—198°. 

(6) Treatment of 22: 23-dibromo-82 : 9x-epoxy-7 : 11-diketoergostan-33-yl acetate (60 mg.) 
in refluxing ether-methancl (1:1; 80 c.c.) with zinc dust (1 g.) for 3 hours gave 7 : 11-diketo- 
8x-ergost-22-en-38-yl acetate (35 mg.) as hexagonal plates (from acetone), m. p. 203—206°, 
[x)}» -+27° (c, 0-5), undepressed in m. p. when mixed with the specimen described under (a). 


1953 o- Mercapto-azo-compounds. Part ITI. 959 


(c) Similar treatment of 7: 11-diketoergosta-8 : 22-dien-33-yl acetate (200 mg.) gave 7: 11- 
diketo-8x-ergost-22-en-33-yl acetate (150 mg.) as hexagonal plates (from acetone), m. p. 203— 
205°, [%]p + 27° (c, 0-4), undepressed in m. p. when mixed with the specimen described under (a). 

d) Similar treatment of 82 : 9x-epoxy-7 : 11-diketoergost-22-en-38-yl acetate (300 mg.) gave 
7: 11-diketo-8z-ergost-22-en-33-yl acetate (200 mg.) as hexagonal plates (from acetone), m. p. 
202—204°, [x] + 24° (c, 0-5), undepressed in m. p. when mixed with the specimen described 
under (a). 

7: 11-Diketoergost-22-en-38-yl Acetate.—-7 : 11-Diketo-8a-ergost-22-en-33-yl acetate (80 mg., 
faly + 30°) in glacial acetic acid (3 c.c.) was heated on the steam-bath for 45 minutes. The solu- 
tion was diluted with water and extracted with ether. Removal of ether gave a solid, which was 
crystallised from methanol to yield 7: 11-diketoergost-22-en-38-yl acetate (70 mg.) as small, 
prismatic needles, m. p. 196—198°, [a)) —28° (c, 1-2) (Found: C, 76-7; H, 10-0. Calc. for 
Cy 9H,,0,: C, 76-5; H, 9-85°,). The diketone does not show high intensity light absorption 
above 2200 A. It is undepressed in m. p. when mixed with a specimen prepared as described by 
Budziarek, Johnson, and Spring (loc. cit.). 


We are greatly indebted to Glaxo Laboratories Ltd. for gifts of materials and for financial 
assistance. 
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200. o0-Mercapto-azo-compounds. Part I11.* Action of 
Thiocyanice Acid on Diazotised o-Nitroarylamines. 


By A. Burawoy and C. TURNER. 


rhe nitro-group in the diazonium salts from 1-nitro-2-naphthylamine and 
2-nitro-l-naphthylamine is replaced by a thiocyanato-group in presence of 
thiocyanic acid. The thiocyanato-diazonium salts formed couple with 
6-naphthol to yield 2-(2-hydroxy-1l-naphthylazo)-1-thiocyanatonaphthalene 
(II) and its isomer (XIV) respectively. These substances are converted by 
alkali into disulphides (III and XVI respectively) which on reduction with 
sodium sulphide yield 1-(1-mercapto-2-naphthylazo)- ([V) and 1-(2-mercapto- 
l-naphthylazo)-2-naphthol (XVII). 


PREPARATION of 1-(1-mercapto-2-naphthylazo)-2-naphthol (IV) by the reactions (1) —> 
(11) —-> (111) —-> (IV) has been described recently.* Specklin and Meybeck (Bull. Soc. 
chim., 1951, 18, 627), during unsuccessful attempts to prepare 0-mercaptoazo-compounds, 
isolated the disulphide (VII) by coupling diazotised 2-amino-5-chloro-3-methylphenyl 
thiocyanate (V) with ¢-naphthol and treating the resultant (VI) with sodium sulphide. 
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The utility of this method of preparation of o-mercaptoazo-compounds is limited by the 
generally difficult accessibility of o-thiocyanato-arylamines (VIII) and further by their 


* Part II, J., 1952, 1286; cf. also J. Oil Colour Chem. Assoc., 1952, 907. 
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easy and often spontaneous conversion into the corresponding thiazoles (IX), particularly in 
the presence of acids or on heating. 


JON (1) S 
(VIII) AK AK C-NH, (IX) 
\NH, (2) \N 


Hantzsch and Hirsch (Rer., 1896, 29, 947; 1898, 31, 1253) observed that halogeno- 
benzenediazonium thiocyanates rearrange to thiocyanatobenzenediazonium halides in 
cold alcohol. This led us to investigate the action of thiocyanates on diazotised o0-nitro- 
arylamines with the view to replacing the o-nitro-group by a thiocyanato-group. This 
would be an easy route to 0-thiocyanatoaryldiazonium salts, with the advantage that ring 
closure of the o-thiocyanatoarylamines would be avoided. Korczynski, Kniatowna, and 
Kaminski (Bull. Soc. chim., 1922, 31, 1179) reported that diazonium groups can be replaced 
by thiocyanato-groups on addition of thiocyanic acid, in absence of a metal-salt catalyst 
and at room temperature. We have indeed found that diazotised o-nitroaniline and, more 
rapidly, diazotised 2 : 4-dinitroaniline yield under these conditions o-nitro- and 2 : 4-di- 
nitro-thiocyanatobenzene respectively, without exchange between the nitro-group and the 
thiocyanate ion. However, reaction of 1-nitronaphthalene-2-diazonium sulphate with 
potassium thiocyanate leads to almost quantitative replacement of the nitro- by a thio- 
cyanato-group without elimination of the diazonium group. Coupling the diazonium salt 
(1), formed in this manner, with $-naphthol results in an almost quantitative yield of (11), 
thus offering a much improved method for the preparation of the thiol (IV). The 


S—-CNH O thiocyanato-derivative (II) was originally obtained from benzene 


_ as dark red prisms of m. p. 149-5—151°. Later, when using either 

y yy N——N ’ |-nitro- or 1-thiocyanato-2-naphthylamine as starting material, 
t g only dark red needles could be isolated which contain one 
(X) 7 molecule of benzene of crystallisation and darken at 148°, sinter 

at ca. 215°, and finally melt at ca. 265°. At 100°, these needles 


lose benzene, but are converted into the isomeric compound of probable structure (X) 
reported earlier. 

As 2-thiocyanato-l-naphthylamine is unknown and no simple method for its prepar- 
ation can be devised, we investigated the action of potassium thiocyanate on diazotised 
2-nitro-l-naphthylamine (XI) with a view to preparing 1-(2-mercapto-l-naphthylazo)-2- 
naphthol (XVII). Two reactions occurred simultaneously: (i) replacement of the 
diazonium group and formation of 1-thiocyanato-2-nitronaphthalene (XII) in 57°% yield; 
(ii) exchange of the nitro-group and the thiocyanate ion, yielding the 2-thiocyanato- 
naphthalene-I-diazonium salt (XIII) which is stable under these conditions. A solution 
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of the latter couples with 8-naphthol in aqueous sodium carbonate to vield mainly an 
isomer of the desired 1-(2-hydroxy-l-naphthylazo)-2-thiocyanatonaphthalene (XIV) with 
the probable structure (XV) and a small amount of di-l-(2-hydroxy-1l-naphthylazo)-2- 


naphthyl disulphide (XVI). Both ring closure of the thiocvanato-compound (XIV), and 
its conversion into the disulphide, proceed much faster than in the case of the isomer (II) 
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which can be isolated and only undergoes these reactions at a high temperature. 
Formation of (NV) is avoided when coupling is carried out in aqueous sodium hydroxide. 
The disulphide (XVI) alone is obtained in good yield (34°, calculated from 2-nitro-1- 
naphthylamine). 

Alcoholic sodium sulphide reduces the disulphide to the blue sodium salt of 1-(2- 
mercapto-l-naphthylazo)-2-naphthol, which on acidification yields the free thiol (XVII), 
and on methylation with dimethyl sulphate gives the red 1-(2-methylthio-1-naphthylazo)-2- 
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naphthol (NVIII), also obtained by coupling diazotised 2-methylthio-1-naphthylamine 
(XIX) with @-naphthol. Like its isomer (III), 1-(2-mercapto-l-naphthylazo)-2-naphthol 
is readily reoxidised to the violet disulphide and forms complex salts with copper, cobalt, 
and nickel, which will be further investigated. 


EXPERIMENTAL 


Action of Potassium Thiocyanate on o-Nitrobenzenediazonium Chloride.—o-Nitroaniline 
(13-8 g.) in concentrated hydrochloric acid (100 c.c.) was diazotised with sodium nitrite (7 g.), 
and the ice-cooled diazonium solution added to potassium thiocyanate (50 g.) in water (100 c.c.). 
Precipitation of o-nitrothiocyanatobenzene set in immediately and was complete after 2 hours, 
when the filtrate ceased to couple with $-naphthol. Recrystallisation from carbon tetrachloride 
gave colourless plates, m. p. 132—133°. Miiller (27. Farb. Text. Ind., 1906, 5, 357) prepared this 
substance from the diazotised amine and potassium cuprous thiocyanate and gave m. p. 132-5”. 

Action of Potassium Thiocyanate on 2: 4-Dinitrobenzenediazonium Sulphate.—2 ; 4-Dinitro- 
aniline (16-7 g.) was slowly added to nitrosylsulphuric acid (from 7 g. of sodium nitrite in 150 c.c. 
of concentrated sulphuric acid) at 35°, stirred for 2 hours, and poured on ice (500 g.). On 
addition of this mixture to potassium thiocyanate (50 g.) in water (100 c.c.), 2 : 4-dinitrothio- 
cyanatobenzene separated immediately in almost quantitative yield. It formed light yellow 
prisms (from chloroform), m. p. 138—139°, not depressed by an authentic specimen obtained 
from potassium thiocyanate and 1-chloro-2 : 4-dinitrobenzene in boiling ethyl alcohol (Austin 
and Smith, Amer. Chem. J., 1886, 8, 90, give m. p. 139°). The filtrate did not couple with 
8-naphthol. 

Action of Ammonium Thiocyanate on 1-Nitronaphthalene-2-diazonium Sulphate and Coupling 
with 8-Naphthol.—1-Nitro-2-naphthylamine (2 g.) in ethyl alcohol (100 c.c.) was added to 10% 
sulphuric acid (50 c.c.) and ice, and quickly diazotised with sodium nitrite (2 g.) in a small 
amount of water. After 5 minutes, urea (5 g.) was added and the diazonium solution poured 
into ammonium thiocyanate (15 g.) in water (50 c.c.), set aside for 5 minutes, filtered, and added 
to a solution of 8-naphthol (5 g.), sodium hydroxide (2 g.), and sodium carbonate (25 g.) in water 
and ice (400 g.).. The red precipitate of 2-(2-hydroxy-1-naphthylazo)-1-thiocyanatonaphthalene 
was washed with water and finally digested with methyl alcohol. Recrystallisation from 
benzene yielded the solvate as dark red needles with a green lustre, containing one molecule of 
benzene of crystallisation, which darken at 148°, sinter at ca. 215° and finally melt at ca. 265 
(Found: C, 74:0; H, 4:4. C,,H,;0N,S,C,H, requires C, 74:6; H, 4:4%). It is identical with 
the product obtained directly from 1-thiocyanato-2-naphthylamine. At 100° it gives the cyclic 
product (X), m. p. 184—186°, described in Part II (Found, after drying: C, 71-1; H, 3-3; N, 
11-8. Calc. for C,,H,,ON,5: C, 71-0; H, 3:7; N, 11-8%). 

Action of Potassium Thiocyanate on 2-Nitronaphthalene-1\-diazonium Sulphate and Coupling 
with 8-Naphthol.—Well-powdered 2-nitro-l-naphthylamine was slowly added with stirring to 
nitrosylsulphuric acid (from 1 g. of sodium nitrite in 40 c.c. of concentrated sulphuric acid) at 
room temperature. After 4 hours the solution obtained was dropped into ice-cooled water 
(1000 c.c.) containing potassium thiocyanate (20 g.). Evolution of nitrogen accompanied the 
almost immediate precipitation of 1-thiocyanato-2-nitronaphthalene (1-4 g., 57%). Recrystallis- 
1. p. 99—100° (Found: C, 56-9; H, 2-5; N, 


ation from ethyl alcohol gave light yellow needles, n 

11-9. C,,H,O,N,S requires C, 57-4; H, 2-6; N, 12: 

The filtrate was added to a solution of $-naph 
3R 
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thol (10 g.), sodium hydroxide (4 g.), and 
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xdium carbonate (120 g.) in water and ice (2 kg.).. The red precipitate was washed with water 
ind digested with methyl alcohol (100 c.c.) (yield, 1-4 g.). It consists mainly of the cyclic 

mer (XV) of 1-(2-hydroxy-l-naphthylazo)-2-thiocyanatonaphthalene, contaminated by a 
small quantity of di-1-(2-hydroxy-l-naphthylazo)-2-naphthyl disulphide (XVI). Recrystallis- 


ation from toluene yielded the disulphide as dark red-violet needles with a green lustre, m. p. 
252--254°, which dissolve in organic solvents with a violet and in concentrated sulphuric acid 
with a yellow colour (Found: C, 73-0; H, 3-9; N, 8-7. Cy oH ,.0.N4S_ requires C, 73-0; H, 
4:0; N, 85%). Evaporation of the toluene mother-liquor yielded 1-2 g. of the compound (XV 
which crystallised from glacial acetic acid as red needles with a green lustre, m. p. 161—162”. 
rhey dissolve in organic solvents with a brownish-red and in concentrated sulphuric acid with a 
blue colour (Found: C, 70-6; H, 3:3; N, 11-9. C,,H,,ON,5 requires C, 71:0; H, 3-7; N, 
11-8%). 

Coupling of the filtered solution of 2-thiocyanatonaphthalene-1-diazonium sulphate obtained 
as above with a solution of B-naphthol (10 g.) and sodium hydroxide (120 g.) in water and ice 
(2 kg.) resulted in the formation of almost pure disulphide (1-2 g., 34°), which crystallised 
from benzene or toluene as dark violet-red needles, m. p. 252—-254°, not depressed by mixing 
with the product obtained as above. 

1-(2-Mercapto-1-naphthylazo)-2-naphthol.—Sodium sulphide nonahydrate (0-5 g.) in water 
(3 c.c.) was added to a suspension of di-1-(2-hydroxy-1l-naphthylazo)-2-naphthyl ‘disulphide 
(0-2 g.) in ethyl alcohol (25 c.c.).. After 4 hours’ shaking at room temperature the sodium salt 
of 1-(2-mercapto-1l-naphthylazo)-2-naphthol was filtered off and washed with oxygen-free water 
(yield, 0-15 g., 70°%4). It was obtained as small dark crystals with a bronze lustre, insoluble in 
water, but slightly soluble in ethyl alcohol with a blue colour (Found : Na, 6:2. CygH,,ON,SNa 
requires Na, 6-5%%). Addition of a slight excess of dilute hydrochloric acid to its alcoholic 
suspension yields the free thiol. This crystallised from toluene under nitrogen as small red 
prisms with a golden lustre, m. p. 244—246° (Found: C, 71-8; H, 4:3; N, 8:3. CygH,,ON,S 
requires C, 72-7; H, 4:3; N, 8-5%). It dissolves in organic solvents with an orange and in 
concentrated sulphuric acid with a blue colour, the latter rapidly becoming yellow, probably 
owing to oxidation to the corresponding disulphide. It is readily reoxidised to the disulphide, 
e.g., by heating its toluene solution in a stream of air. 

1-(2-Methylthio-1-naphthylazo)-2-naphthol.—Sodium sulphide nonahydrate (0-6 g.) in water 
(5 c.c.) was added to well-powdered di-1-(2-hydroxy-l-naphthylazo)-2-naphthyl disulphide 
(0-25 g.) suspended in ethyl alcohol (30 c.c.), and the mixture refluxed for 30 minutes. After 
dilution with water (30 c.c.), methyl sulphate (4 x 1-0 c.c.) and 10% aqueous sodium 
hydroxide (4 x 4 c.c.) were added. 1-(2-Methvlthio-1-naphthylazo)-2-naphthol separated almost 
quantitatively. Recrystallisation from ethyl alcohol or light petroleum gave dark red needles 
with a green lustre, m. p. 158—159°, which dissolve in organic solvents with an orange-red and 
in concentrated sulphuric acid with a violet colour (Found: C, 73:5; H, 4:8; N, 8-2 
C,,H,gON,S requires C, 73-2; H, 4-7; N, 8-1%). This compound is identical with a specimen 
prepared by coupling diazotised 2-methylthio-l-naphthylamine with $-naphthol. 

Metallic Complex Salts of 1-(2-Mercapto-\-naphthylazo)-2-naphthol.—To a filtered solution of 
1-(2-mercapto-1-naphthylazo)-2-naphthol (0-3 g.) in acetone (300 c.c.) was added copper sulphate 


pentahydrate (0-5 g.) in water (300c.c.). A violet copper compound, m. p. 225—228°, separated 
in 65% yield [Found : Cu, 14:5; S, as SO,, 3-1. (CygH,zON,SCu),SO, requires Cu, 14-4; S, as SO,, 
3-6%}. The cobalt salt, m. p. 204—207°, was similarly prepared, a solution of cobalt sulphate 


being added (yield, 60%) [Found : Co, 13-0; S, as SO,4, 4:3. (CygH,,ON,SCo),SO, requires Co, 
13-5; S,asSO,4, 3-7%]. The nickel salt, prepared similarly by use of nickel sulphate (yield, 65°% 

had m. p. 158—162° [Found : Ni, 8-3. (CygH,;ON,S),Ni requires Ni, 8-2]. These salts dissolve 
in chloroform and to a lesser degree in benzene and acetone with a violet, reddish-brown, and 
wine-red colour respectively. They are insoluble in water, ethyl alcohol, and light petroleum 
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201. The Skeleton of isoRubijervine. 
By DEREK Burn and W. Ricsy. 


That tsorubijervine has the solanidane skeleton has been proved by con- 
version of dihydro/sorubijervine into solanidan-38-ol. 


So far, two skeletal types have been found among the Verairum alkaloids. Rubijervine 
has been shown to have a normal steroid structure based on (I), being a hydroxysolanidine 
(Sato and Jacobs, J]. Biol. Chem., 1949, 179, 623); the other type, (II), is represented by 
jervine and veratramine (Fried, Wintersteiner, Moore, Iselin, and Klingsberg, J. Amer. 
Chem. Soc., 1951, 73, 2970; Tamm and Wintersteiner, tbid., 1952, 74, 3842). 
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Sato and Jacobs (J. Biol. Chem., 1951, 191, 63) produced strong evidence in support ot 
their formula (III) for ssorubijervine. They showed that the primary alcohol group is in 
a hindered position and is probably a modified methyl group situated at a bridgehead—the 
acid resulting from its oxidation has the properties expected for a tertiary, or hindered 
secondary, carboxylic acid. They adduced reasons for preferring C,,,) of a steroid skeleton 
as the location of this primary alcohol function. However, confirmation of the solanidane 
skeleton by direct correlation with substances of known structure was still lacking. 

We have oxidised the primary alcohol group in dihydrotsorubijervine to the correspond- 
ing aldehyde, 18(?)-oxosolanidan-3¢-ol, and reduced this by the Wolff-Kishner method 
(Huang-Minlon modification) to solanidan-3%-ol; it follows that tsorubijervine has the 
skeleton proposed by Sato and Jacobs, only the position of the primary hydroxyl remaining 
in doubt. Shortly after these findings were published in preliminary form (Chem. and 
Ind., 1952, 668) confirmation of the skeletal structure was given in a note by Pelletier and 
Jacobs (J. Amer. Chem. Soc., 1952, 74, 4218) and by Weisenborn and Burn (Abs. Papers, 
122nd meeting, Amer. Chem. Soc., 1952, No. 23L) who also give evidence for the primary 
alcohol groups’ being at C,,). 


EXPERIMENTAL 

M. p.s are corrected. The chloroform used as solvent in measurements of specific rotations 
was B.P. grade, 1.e., containing 1—2% of alcohol. 

isoRubijervine was kindly supplied by Dr. H. L. Holmes of Riker Laboratories, Inc., through 
the courtesy of Dr. D. H. R. Barton; it had m. p. 233—236°, [a]? —9-2° (c, 1-72 in CHCI,), 
(a) +9-3° (c, 0-96 in 959% EtOH). 

Dihydroisovubijervine.—isoRubijervine in alcohol containing acetic acid was hydrogenated 
at atmospheric pressure in the presence of Adams's catalyst. The product, worked up in the 
usual way, had m. p. 244—248° [Craig and Jacobs, J. Biol. Chem., 1943, 149, 461, give m. p. 
244° (uncorr.)}]. Addition of sodium hydroxide to a solution in methyl alcohol of the toluene- 
p-sulphonate gave pure dihydrotsorubijervine as prisms, m. p. 252—253°. 

Oxidation of Dihydroisorubijervine.—(a) With tert.-butyl chromate. A solution of dihydro- 
isorubijervine in benzene was kept at room temperature for 7—-8 days with 1-25 mol. of tert.- 
butyl chromate. Low yields of 18(?)-oxosolanidan-38-ol were obtained; much dihydrotso- 
rubijervine remained unattacked, results were erratic, and the aldehyde was difficult to purify. 

b) With chromium trioxide. To dihydroisorubijervine, m. p. 244—248° (0-1 g.), in 90% acetic 
acid (4 ml.), chromium trioxide (0-016 g.) in 90% acetic acid (1 ml.) was added. The mixture 
was kept at room temperature until reduction appeared to be complete (ca. 12 hr.), and the 
total bases were isolated in the usual way and chromatographed on acid-washed alumina (5 g.). 
Elution with benzene gave fairly pure 18(?)-oxosolanidan-38-ol, m. p. 198—204° (0-05 g.) ; 
elution with benzene containing 1% of alcohol then gave a mixture of this with dihydrotso- 
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rubijervine (0-034 g.) which could be resolved by crystallisation from methyl alcohol or by frac- 
tional vacuum-sublimation; finally, elution with benzene containing 5% of alcohol gave a small 
quantity of material, m. p. 265—285°, possibly the keto-acid described by Sato and Jacobs 
(loc. cit.). The crude aldehyde was purified by sublimation at 180° in the vacuum of a diffusion 
pump, followed by crystallisation from methyl] alcohol, 18( ?)-ovosolanidan-38-ol being obtained 
as needles, m. p. 204—206°, [«]?? +.45° (c, 1:3 in CHCl,) (Found: C, 77-6; H, 10-4. C,,H,,0,N 
requires C, 78-4; H, 105%). It gave a 2: 4-dinitrophenylhydrazone, orange needles (from 
dioxan—methy] alcohol), m. p. 220—223° (Found: C, 65-6; H, 8-2. C3;H,,O,N; requires C, 
65-0; H, 7-8%), and a sparingly soluble digitonide. 

Solanidan-38-ol.—18( ?)-Oxosolanidan-38-ol (0-19 g.) was refluxed for 14 hr. with alcohol 
(5 ml.), diethylene glycol (4 ml.), hydrazine hydrate (100°, ; 4 ml.), and sodium ethoxide (0-025 
g. of Na). A further quantity of sodium ethoxide (0-075 g. of Na) and benzene (5 ml.) were 
added, volatile solvents were removed, and the residue was kept at 200° for 3 hr. The product 
was isolated by chloroform-extraction and purified by crystallisation from methyl alcohol and 
vacuum-sublimation at 170—175°; final recrystallisation from ethyl acetate gave solanidan-38- 
ol as needles, m. p. 220-5—221-5°, [a]p + 27° (c, 1-1 in CHCl;) (Found: C, 79-5; H, 11-6. Calc. 
for Cy,H,y,ON : C, 81-1; H, 114%). The m. p.s of this material and of a mixture of it with an 
authentic specimen of solanidan-38-ol were identical. For further confirmation of identity, 
some of the material was acetylated (acetic anhydride—pyridine), to give 38-acetoxysolanidane, 
needles (from methyl alcohol), [a]p + 18° (c, 1:13 in CHCl;), m. p. 197—199° alone or mixed 
with an authentic specimen. Oxidation with chromium trioxide—acetic acid yielded solanidan- 
3-one, needles (from ethyl acetate), m. p. 204—205°, [x], +-43-5° (c, 0-7 in CHCI,). 

Dihydroisorubyervine Toluene-p-sulphonate.—On addition of toluene-p-sulphonic acid to 
an alcoholic solution of dihydrotsorubijervine, the toluene-p-sulphonate crystallised; it formed 
stout needles (from alcohol—ethyl acetate), m. p. 205—206° if put into the heating bath a few 
degrees below this temp., but 289—291° if heated from ca. 180° (Found: C, 66-7; H, 8-7. 
C34H;,0,NS,14H,O requires C, 66-4; H, 9:2%). Addition of sodium hydroxide to a solution 
in methyl alcohol precipitated pure dihydrotsorubijervine, m. p. 252—253°. 

The salt was heated under nitrogen from 180° to 240° during 3/4 hr. The residue (m. p. 294— 
296°) crystallised as stout needles, m. p. 294-5—295-5° (decomp.), from ethyl acetate (Found : 
C, 67-8; H, 91. C3gH;,;0;NS,H,O requires C, 67-4; H, 9-15%). Recrystallisation from 
solvents containing water did not convert it into the starting material, nor did seeding with the 
latter. Addition of sodium hydroxide to a solution in methyl! alcohol precipitated dihydrotso- 
rubijervine, m. p. 250—254°. 


The authors thank Dr. H. L. Holmes for a generous gift of zsorubijervine and Prof. R. Kuhn 
and Prof. V. Prelog for authentic specimens of solanidan-3-ol and its acetate; they are indebted 
to Dr. D. H. R. Barton for his advice and interest. 
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202. Solutions in Sulphuric Acid. Part XIII.* The Electrical Con- 
ductivity of Solutions of Hydrogen Disulphates and the Self-dis- 
sociation of Sulphuric Acid. 


By Rk. J. GILLESPIE and S. WasIP. 


The results of measurement of conductivities of solutions of hydrogen 
disulphates are discusse? and utilised in conjunction with other conductivity 
data to obtain a value for the autoprotolysis constant of sulphuric acid at 
25°. The value obtained is compared with that obtained by cryoscopy at 
10-4° (Part 1V; J., 1950, 2516) and with estimates made by other authors. 
ATTEMPTS have been made by several authors to determine the nature and extent of the 
self-dissociation of sulphuric acid. Hammett and Deyrup (J. Amer. Chem. Soc., 1932, 54, 
2731) recognised that two processes probably contribute to the self-dissociation, v7z., an 
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autoprotolysis 2H,SO, = H,;SO,* + HSO, and some other process involving sulphur 
trioxide which they wrote as 3H,SO, = H,0O* + H,5,0;-+ HSO,. They calculated a 
value for the concentration of hydrogen sulphate ion in the pure acid of 0-027 molal at 25° 
from the results of their colorimetric study of the ionisation of 2 : 4: 6-trinitroaniline in 
96—100-1°,, sulphuric acid, utilising the relationship log [BH B} + log [HSO,] K, 
where 5 is any basic indicator and A is a constant; A was obtained from the values of 
BH*),B} in slightly aqueous solvents where [HSO,~| was assumed to be equal to the 
stoicheiometric concentration of water. The logarithm of the ratio |BH*]/{B} was then 
plotted against the logarithm of the molality of water and the curve extrapolated to zero 
water concentration. From the extrapolated value of |BH*}|/_B) the concentration of 
hydrogen sulphate ion in the pure acid may be calculated. The value they obtained is, 
however, certain to be high because the indicator itself produces hydrogen sulphate ion, 
the concentration, of course, depending on the concentration of the indicator, but it could 
easily be comparable with the concentration resulting from the self-dissociation. Since 
the concentration of the indicator was not given, no correction can be made. In any case 
the unavoidable errors of the colorimetric method may lead to appreciable errors in any 
estimate of the hydrogen sulphate ion concentration by this method. 

Recently Reinhardt (J. Amer. Chem. Soc., 1950, 72, 3359) has made similar calculations, 
although he gives no details, using Hammett and Deyrup’s results, and claims to have 
obtained values of Kap = [H,SO,°}][HSO,-] ranging from 3 « 10% to5 x 10°. Hammett 
and Deyrup’s value of the hydrogen sulphate ion concentration leads to a value of Kap 
7-3 x 1074, not 2-4 x 10° as stated by Rheinhardt. This author also attempted to 
calculate the extent of the autoprotolysis from the conductivity of the pure acid by 
assuming that the conductivities of the hydrogen and hydrogen sulphate ions are equal 
and that they can be estimated from the known transport number of the barium ion in 
sulphuric acid, the ionic conductivity of barium in water, and the viscosities of water and 
sulphuric acid, the conductivity—viscosity product for the barium ion being assumed to 
be the same in water and in sulphuric acid. He obtained a value of Kap = 6-0 x 1074, 
Another estimate was made by a simple linear extrapolation of the straight portions of the 
freezing-point curves for water and sulphur trioxide to zero concentration to obtain the 
freezing point of hypothetical undissociated sulphuric acid, from which a value of Kap 
4 x 104 was calculated. However, it has been shown in Parts I, I, and IV (J., 1950, 
2473, 2498, 2516) that the extrapolation cannot be made in such a simple manner, and that 
in any case the concentration of dissociation products obtained in this way includes those 
formed by the self-dehydration 2H,SO, = H,O~ -- HS,0,~ and not only by the auto- 
protolysis as assumed by Reinhardt. It was finally concluded from the rough agreement 
of all these estimates that the dissociation involving sulphur trioxide was of no importance. 

All this earlier information refers to 25°, and the only really exact confirmation that 
we have concerning the self-dissociation of sulphuric acid comes from the cryoscopic 
measurements described in Parts I, II, and IV (locc. cit.) and hence refers to the 
freezing point of sulphuric acid, 7.e., 10-36°. It was shown that sulphuric acid undergoes 
an autoprotolysis, 2H,SO, = H,50,* + HSO,, and a self-dissociation, which is not 
negligible, 2H,SO, == H,O* + HS,O,- (at the very low concentration of these ions the 
incompleteness of the ionisation of water and disulphuric acid may be ignored), and it was 
found that 


H,sO,*] = [HSO, 0-013 molal 
hence 

K,» = [H,SO,*][HSO,-] = 1-7 x 10“ 
and that 

H,0*] [HS,0,-} = 0-0083 molal 
hence 

Kia = [H,O*][HS,O,-] = 7 x 10-8 


We now attempt to make a more accurate estimate of the degree of self-dissociation of 
sulphuric acid at 25° on the basis of the results presented in Parts IX—XII (J., 1952, 204) 
and some further results of conductivity measurements presented later in this paper. 
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Before we can proceed to estimate the degree of self-ionisation of sulphuric acid from 
our conductivity data it is essential to establish which of the ions that result from the 
self-dissociation processes contribute significantly to the conductivity of the pure solvent. 
It has been shown in Part XII (/oc. cit.) that the hydroxonium ion has a very small mobility 
like that of other cations except the hydrogen ion, and we shall now show, by considering 
the results of some conductivity measurements on solutions of ammonium and potassium 
disulphates, that the hydrogen disulphate ion has a much smaller mobility than the 
hydrogen sulphate ion. 

The Conductivity of Solutions of Ammonium and Potassium Sulphate in Dilute Oleum.- 
Since it is not easy to prepare pure specimens of crystalline hydrogen disulphates, they 
were prepared in solution by addition of the appropriate sulphate to a dilute oleum. The 
conductivity of a dilute oleum solution was measured, and hence its composition 
determined. Sulphate was then added in successive weighed amounts, the conductivity 
being measured after each addition, until more than sufficient had been added to convert 
all the disulphuric acid initially present into hydrogen disulphate. (Some similar measure- 
ments have recently been reported by Reinhardt, oc. czt.) 

The results are presented in Table 1 and Fig. 1. Concentrations of the various solutes 
have been calculated on the assumption that a dilute oleum is a dilute solution of di- 


Fic. 1. Specific conductivities of solu 
tions of ammonium and potassium 
sulphates in dilute oleum. 


A, NH,HSO,. B, KHSO, 


1 Se eS ee 
~~ 020 016 0-17 0-08 0:04 ( 004 008 O72 01% 020 O24 


Molality of MHSOg Molality of HzS,07 


sulphuric acid in sulphuric acid and contains no other molecular species, and that sulphate 
is quantitatively converted into hydrogen disulphate in the presence of disulphuric acid 
according to the equation 2H,S,0, + SO,-~ = 2HS,0,~ + H,SOQ,. 

On the right (‘‘ acidic ”’ side) of the central vertical axis in the figure, conductivities are 
plotted against the molality of disulphuric acid. The central vertical axis (neutral line) 
corresponds to the composition of the solvent sulphuric acid or of solutions whose 
composition can be expressed in terms of “ neutral ”’ salts such as ammonium hydrogen 
disulphate. On the left (‘‘ basic’ side) of the neutral line, the conductivities are plotted 
against the molality of potassium or ammonium hydrogen sulphate. At the points where 


FABLE 1. The conductivity of solutions of ammonium and potassium sulphate in 
dilute oleums. 
Molalities Molalities 


sassy ESS Se TN pe : Serene nat aoa ; 10°x, ohm™! 
H,S,0, NH,HS,0, NH,HSO, cm.7} H,S,0, KHS,0O, KHSO, cm 

0-2668 — — 2067 0-1177 -— 1561 
0-2023 00-0645 — 1572 0-0939 0-0138 - 1338 
0-1170 0-1498 — = 1406 0-0565 0-0612 1195 
0-0474 0-2194 ms 1612 0-0132 0-1045 1318 
. — 0-0334 2145 — — 0-0054 1443 
--- 0-1092 2799 — 0-0356 1710 
- 0-1786 3610 - 0-0646 2022 


“e 


the two curves in the figure cut the ‘ neutral ”’ line these solutions have the analytical 
composition of ammonium or potassium hydrogen disulphates at a molality equal to that 
of the disulphuric acid in the original oleum, and the conductivities at these points are thus 
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the conductivities of the hydrogen disulphate solutions. The values thus obtained are 
given in Table 2 together with the conductivities of ammonium and potassium hydrogen 
sulphates, interpolated from the results given in Part XII (/oc. cit.), for comparison. 

It may be seen at once that the conductivities of the hydrogen disulphates («ops.) are 
considerably smaller than those of the corresponding hydrogen sulphates at the same 
concentration. Moreover, it must be remembered that the autoprotolysis of the solvent 
is not repressed by the hydrogen disulphate ion, and hence the conductivity of the solvent 
should be subtracted from the observed conductivity of the hydrogen disulphate solutions 
in order to obtain the conductivity due to the hydrogen disulphate only. These corrected 
conductivities (Kops, —- Ksolvent) are also given in Table 2, and it can be seen that they are 


TABLE 2. Compartson of the conductivities of ammonium and potassium hydrogen 
sulphates and hydrogen disul phates. 


MHSO, MHS5,0, 
aaa se SSE: SS ee ee re tea, 
K Kobs. (Kobs. — Keolvent) LKobs. —~ K(Hg80,+ + HB0,~), 
vo: Aw 0-2668m 0-0429 0-0198 0-0095 0-0048 
Beau . O-1177m 0-0245 0-0142 0-0039 0-0017 


only about 20% of the conductivity of the corresponding hydrogen sulphate. It has 
been shown by cryoscopic measurements (Part LV, /oc. crt.) that the hydrogen disulphate 
ion undergoes solvolysis, HS,0,~- + H,SO, = H,S,0, + HSO,, which, although far 
from being complete, is quite appreciable, amounting, for example, to approximately 10% 
in a 0-lm-solution at 10°. Thus a part of the observed conductivity of a hydrogen di- 
sulphate is due to the hydrogen sulphate produced by solvolysis, although this is to some 
extent counterbalanced by the repression of the autoprotolysis by the hydrogen sulphate. 

It would not seem unreasonable to conclude on the basis of the above evidence that the 
mobility of the hydrogen disulphate ion is considerably smaller than that of the hydrogen 
sulphate ion. Moreover, it is extremely probable from theoretical considerations that, 
because of the special nature of the process by which they conduct, the mobilities of the 
hydrogen and hydrogen sulphate ions are much greater than those of any other ion 
(cf. Part X). A more detailed semi-quantitative analysis of the conductivities of solutions 
of hydrogen disulphate is given later (p. 969) after a value for the autoprotolysis constant 
at 25° has been deduced. 

The Autoprotolysis of Sulphuric Acid.—_We may assume then that from conductivity 
measurements we can only obtain information about that part of the self-dissociation 
which is due to autoprotolysis, as the conductivity of sulphuric acid is due almost entirely 
to the ions resulting from the autoprotolysis, the mobilities of the hydroxonium and 
hydrogen disulphate ions being much smaller than those of the hydrogen and hydrogen 
sulphate ions. In order to estimate a value for the autoprotolysis constant at 25°, it will 
be convenient first to consider the conductivities of dilute solutions of water at 10-4° in the 
light of the known autoprotolysis constant at that temperature. We will assume that 
water is fully ionised and that the conductivity of its solutions is due entirely to the 
hydrogen sulphate ion. The first of these assumptions cannot lead to much error at the 
very low concentrations we shall be considering, and the second is certainly justifiable as 
the mobility of the hydroxonium ion is of the same very small order of magnitude as that 
of the ammonium and alkali-metal ions (Part XII, Joc. czt.). 

From the autoprotolysis constant at 10-4°, Kap = 1-7 « 10°4 (Parts I and 1V, doce. ctt.), 
we may calculate the total concentration of hydrogen and hydrogen sulphate ions for any 
concentration of added hydrogen sulphate (e.g., water); some results of such calculations 
are given in Table 3. 

In Fig. 2 specific conductivity values of water at 10-4° taken from Part IX are shown 
plotted against (a) the concentration of added water (7.e., hydrogen sulphate) and (4) the 
total concentration of hydrogen and hydrogen sulphate ions, the values listed in col. 4 of 
Table 3 being used. It is justifiable to plot this second curve, since the mobility of the 
hydrogen ion is equal to that of the hydrogen sulphate ion. Curve (5) has been extrapolated 
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to zero concentration from 0-026m, which is the total concentration of hydrogen and 
hydrogen sulphate ions in pure sulphuric acid. 
purely hypothetical, since one can never have a total ionic concentration of less than 
From the probable shape of this extrapolated portion of the curve it 
would appear that the previously observed increase in the mobility of the hydrogen 
sulphate ion with decreasing concentration continues down to very low concentrations 
Curve (b) presumably also represents what the specific 
conductivity curve of water would be in the absence of any self-dissociation of the solvent. 
Thus this theoretical specific conductivity of water is always smaller than the actual 
observed conductivity but becomes less so as its concentration increases and the auto 
From the theoretical specific conductivity curve 


0-O26m at 


(cf. 


10-4°. 


Part XII, loc. cit.). 
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protolysis is correspondingly repressed. 
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conductivity curves. 


4 
0.04 


0.08 


0-12 


Molality of water or 
hydrogen sulphate 


0-16 


TABLE 3. 


Added 
HSO,- 
0O-O1L1L5S 
0-0358 
0-0572 
0-0779 
0-0982 
0-1489 
0-1991 

0-2493 
0-2994 
0-4997 
0-9998 


Repression of the autoprotolysis 


0-3000 
0-5000 
1-0000 


Below 0-026m therefore the curve is 


at 10-4°. 

Molalities 
rotal 
HSO, H,SO, 
0-0200 0-0085 
0-0400 0-0042 
0-0600 0-0025 
0-0800 0-0021 
0-1000 0-0017 
0-1500 0-0011 
0-2000 0-0008 
0-2500 0-0007 


00-0006 
0:0003 
0-0002 


H,SO,* + HSO,- 
O-O285 
0-0442 
0-0625 
0-082 1 
O-1017 
O-1511 
0-2008 
0-2507 
0-3006 
0-5003 
1-0002 


for water (b) we may calculate theoretical equivalent conductivity values for water by means 


of the expression A : 


1000«/md, where d is the density of the solution and m molality of 


the water, and these are given in Table 4, together with equivalent conductivities 


TABLE 4. 
Molality K, 
of water obs. 

0-01 0-0061 
0-02 0-0068 
0-03 0-0077 
0-04 0-0087 
0-05 0-0097 


(calculated from the observed specific conductivites) for water. 


Observed and theoretical equivalent conductivities for water at 10-4. 


K, 
calc. 
0-0030 
0-0048 
0-0063 
0-0078 
0-0090 


A, 
obs 
332 
185 
139 
118 
105 


‘A. 
calc 
163 
130 
114 
106 
98 


Molality 
ot water 
0-06 
0-08 
0-10 
0-15 


kK, 
obs. 
0-0106 
0-0126 
0-0145 
0-019] 


kK, 
calc. 
0-O101 
0-0122 
0-0141 
0-0189 


Che 


A, A 
obs. calc 
96 91 
85 383 
79 77 
69 68 


density d of the 


solution was taken to be the same as the density of sulphuric acid at 10°, 7.e., 1-841 (Domke 
and Bein, Z. phystkal. Chem., 1905, 48, 125). 

We are now in a position to consider further the extent of the autoprotolysis at 25°. 
It seems certain that the autoprotolysis will be an endothermic process, as is the auto- 


protolysis of water, and hence the increase in the specific conductivity of sulphuric acid 
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from 0-0058 at 10-4° to 0-0103 at 25° may be wholly or partly due to an increase in the 
extent of the autoprotolysis. This assumption enables us at once to set an upper and a 
lower limit to the extent of the autoprotolysis at 25°. The total concentration of the 
autoprotolytic ions cannot be less than 0-026m, which is their concentration at 10-4°, nor 
can it be greater than 0-026 x 0-0103 0-0058 = 0-045 if it is assumed that all the increase 
in conductivity is due to the increased autoprotolysis. It is evident, however, from the 
increase in the slope of the conductivity-concentration curve for water with increasing 
temperature (see Fig. 2) that the mobility of the hydrogen sulphate ion does increase with 
temperature, and so the actual concentration of autoprotolytic ions must le between the 
above two limits. We can obtain a fairly good estimate of the actual value by first 
calculating equivalent conductivities from the specific conductivities of water at 25° given 
in Part IX (loc. cit.), and then calculating the ratio Ags: Ayo. The results of these 
calculations for various concentrations of water are given in Table 5. It may be seen that 


TABLE 5. Observed equivalent conductivities for water at 25°. 


Molality K, A, Agse Molality kK, A, Nese Molality K, A, Agse/ 
of water obs. obs Awe of water obs. Obs. A gge of water obs. Obs. Ajo.¢ 
0-01 0-0105 562 1-70 0-04 0-0133 174 1-50 0-08 00-0192 128 1-47 
0-02 0-O112 300 1-62 0-05 0-0148 158 1-50 0-10 0-0220 118 1-49 
0-03 0-0121 216 1-55 0-06 0-0162 144 1-50 0-15 0-0283 101 1-46 


the ratio Ags>/Ayo.4g° iS reasonably constant at 1-5, and it seems justifiable to assume 
therefore that the mobility of the hydrogen sulphate ion is raised 1-5 times when 
the temperature is increased from 10-4° to 25°. Since the mobility of the hydrogen ion is 
equal to that of the hydrogen sulphate ion at both temperatures, it follows that its mobilty 
is also increased 1-5 times. The rather higher values of Ag;./Aj9.q2 obtained at the very 
lowest concentrations are of little significance as the observed equivalent conductivity is 
not even approximately proportional to the mobility of the hydrogen sulphate ion at 
these concentrations. Now the equivalent conductivity of the hydrogen and hydrogen 
sulphate ions at 10-4° is given by A = 1000«/md where « = 0-0058 ohm™! cm}, m 

0-026, and d= 1-841, and hence has the value 121. To a first approximation the 
equivalent conductivity A of the hydrogen and hydrogen sulphate ions at 25° will be 
1-5 x 121 = 182, and hence the total molality of hydrogen and hydrogen sulphate, which 
is given by m 1000«/Ad, where « = 0-01033 and d 1-8269, will be 0-031. Since, 
however, the molality of the autoprotolytic ions is greater at 25° than at 10-4°, we should 
have initially used the equivalent conductivity value at 10-4° corresponding to this higher 
concentration. Utilising the equivalent conductivity values listed in col. 5 of Table 5, 
we obtained a value of 0-034m for the total concentration of autoprotolytic ions at 25° by 


the method of successive approximations. Thus we have [H,S0,*} = [HSO,~} 
0-Ol7m, and hence Kg,(25°) = [H,SO,*][HSO,-] = 2-9 « 10-4. Using this value of the 


autoprotolysis constant, one can calculate as before the extent to which the autoprotolysis 
is repressed by addition of water or any other hydrogen sulphate and hence obtain the 
total concentration of hydrogen and hydrogen sulphate ions for any concentration of 
added hydrogen sulphate. The results of the calculations are shown in Table 6. Utilising 
the values listed in col. 4 of this table, we can also plot a theoretical conductivity curve 
for water at 25°, t.c., a hypothetical curve for the conductivity of water in the absence 
of any autoprotolysis of the solvent. This is shown in Fig. 2 (curve c) together with the 
observed conductivity curve (d) for water at 25°. 

From the change in K,gp with temperature it can be calculated that the heat of auto- 
protolysis is approximately 2000 cals. In view of possible inaccuracies in the Kap values 
and the fact that Kap was measured at only two temperatures, this value for the heat of 
autoprotolysis can only be regarded as very approximate. It does, however, definitely 
seem to be much smaller than the heat of autoprotolysis of water, which is approximately 
14,000 cals. 

Conductivity of the Hydrogen Disulphate Ion.—Having now obtained a value for the 
autoprotolysis constant at 25° we can give a more quantitative discussion of the 
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conductivities of ammonium and potassium hydrogen disulphate solutions that we 
considered earlier. We have no exact knowledge of the solvolysis constant of the 
hydrogen disulphate ion at 25°, but remembering that A,(HS,0,~-) = Kap/ Ka(HS,0,-) 

0-008 at 10° (Part IV) and that Ky4p(25°)/Kap(10-4°) = 2-9/1-7 = 1-7, it would not seem 


TABLE 6. Repression of the autoprotolysis at 25°. 


Molalities Molalities 
0a ——-— + -- eS on rene 
Added Total Total Added Total Total 
HSO, HSO,- H,SO,* H,SO,* + HSO,- HSO,- HSO,- H;SO,+ H;SO,* + HSO, 
0-0055 0-0200 0-0145 0-0345 0-1986 0-2000 0-0015 0-2015 
0-0328 0-0400 0-0072 0-0472 0-2488 0-2500 0-0012 0-2512 
0-0552 0-0600 0-0048 0-0648 0-2990 0-3000 0-001L0 0-3010 
0-0764 0-0800 0-0036 0-0836 0-4996 0-5000 0-0006 0-5006 
0-0971 0-1000 0-0029 0-1029 0-9997 1-0000 0-0003 1-0003 
0-1481 0-1500 0-0019 0-1519 


unreasonable to assume that at 25° K;(HS,0O,-) = 1-7 x 0-008 = 0-014. Utilising this 
value for the solvolysis constant and the value for the autoprotolysis constant at 25°, we 
can calculate the total concentration of hydrogen and hydrogen sulphate ions in any 
hydrogen disulphate solution, then from curve (c) in Fig. 2 we can read off the conductivity 
due to these ions and hence, by subtraction, obtain the conductivity due to the cation and 
the hydrogen disulphate ion only. The values thus obtained are given in the last column 
of Table 2. They are of the order of 10% of the conductivity of the corresponding 
hydrogen sulphate; hence, it being assumed that the mobilities of the cation and the 
hydrogen disulphate ion are roughly equal, the hydrogen disulphate ion has a conductivity 
which is approximately 5% of that of the hydrogen sulphate ion. We may recall for 
comparison that the conductivity of the potassium ion is approximately 3°% of that of the 
hydrogen sulphate ion (Part X, loc. cit.). 

The general shape of the conductivity curves given in Fig. 1 may be interpreted in the 
following way. The initial effect of added sulphate is to remove hydrogen ions, 
SO,-~ + 2H,SO,* = 3H,SO,, thus replacing highly conducting hydrogen ions by poorly 
conducting potassium or ammonium ions. There will simultaneously be an increase in 
the concentration of the hydrogen disulphate ion as potassium and ammonium hydrogen 
disulphate are fully ionised, whereas disulphuric acid is not, but since the hydrogen 
disulphate ion is rather poorly conducting, the increase in its concentration will have little 
effect on the conductivity, which will therefore initially fall. The continued removal of 
hydrogen ion allows the autoprotolysis of the solvent to increase gradually until it makes 
a quite large contribution to the conductivity, and this, together with the increasing 
concentration of hydrogen sulphate ion produced by solvolysis of the hydrogen disulphate, 
eventually causes the conductivity to pass through a minimum and then increase. After 
the vertical, neutral line has been reached, addition of further sulphate merely causes 
formation of the corresponding amount of hydrogen sulphate and the conductivity 
increases rapidly. 


Experimental.—The apparatus used for the conductivity measurements and the preparation 
and purification of the materials used have all been described in Parts IX, X, and XII (/occ. cit 
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203. Kinetics and Mechanism of Aromatic Nitration. Part X.* 
Vuriation of the Rate of Aromatic Nitration in Sulphuric Acid Media 
with Composition of the Solvent. 

By R. J. GILLespie and D. G. Norton. 


Rates of nitration at 25° have been measured for (i) the trimethylphenyl- 
ammonium ion and (ii) its p-chloro-derivative in sulphuric acid media 
containing up to 12% of water and up to 13% of sulphur trioxide, and for 
(iii) p-chloronitrobenzene in sulphuric acid media containing up to 19% of 
sulphur trioxide. In addition, some measurements were made on the 
p-chlorophenyltrimethylammonium ion at 35° and 45°, and activation 
energies and non-exponential factors of the Arrhenius equation have been 
calculated. The results have been interpreted as indicating (a) that the 
protonation of p-chloronitrobenzene plays an important part in determining 
its rate of nitration in oleum media, (6) that the formation of a hydrogen- 
bonded complex between p-chloronitrobenzene and sulphuric acid is 
responsible for part of the observed decrease in its rate of nitration as the 
medium composition is changed from 90% to 100° sulphuric acid, and (c) that 
the generally observed decrease in nitration rate in passing from 90% to 
100°, sulphuric acid, and the increase in oleum media with increasing sulphur 
trioxide concentration may be attributed to a general solvent effect caused by 
variation in the dielectric constant of solvating power of the medium. 


THE variation of the rate of aromatic nitration in sulphuric acid media was first 
investigated by Martinsen (Z. phystkal. Chem., 1904, 50, 385; 1907, 59, 605), who showed 
for nitrobenzene that as the concentration of sulphuric acid in a sulphuric acid—water 
solvent is increased the rate of nitration increases to a maximum at about 90°% sulphuric 
acid and then decreases towards 100°, sulphuric acid. Other workers (Klemenc and 
Scholler, Z. anorg. Chem., 1924, 141, 231; Lauer and Oda, J. pr. Chem., 1936, 144, 176; 
Lantz, Bull. Soc. chim., 1939, 6, 280; Oda and Ueda, Bull. Inst. Phys. Chem. Res. Japan, 
1941, 20, 335; Kharasch and Westheimer, /. Amer. Chem. Soc., 1946, 68, 871; Bennett, 
Brand, James, Saunders, and Williams, /., 1947, 474; Bonner, James, Lowen, and 
Williams, Nature, 1949, 163, 955; Bonner, Bowyer, and Williams, /., 1952, 3274) have 
confirmed that this behaviour is general for all the compounds investigated. In all cases 
the maximum rate is in the region of 90°% sulphuric acid, although small variations occur 
with change of compound and temperature (cf. Gillespie and Millen, Quart. Reviews, 1948, 
2,277). Aromatic nitration in oleum solvents has been little investigated, but for anthra- 
quinone (Lauer and Oda, Joc. cit.), nitrobenzene (Martinsen, loc. cit.), and 2 : 4-dinitro- 
toluene (Bennett ef al., loc. ctt.) it has been found that the rate decreases with increasing 
sulphur trioxide concentration. The only case that has been reported for which the 
nitration rate is greater in oleum than in 100% sulphuric acid is a single experiment by 
Klemence and Scholler (/oc. cit.) using a disulphonic acid of xylene. 

Westheimer and Kharasch (loc. cit.), Lowen, Murray, and Williams (J., 1950, 3312), 
and Bonner, Bowyer, and Williams (loc. cit.) have shown that the initial increase in rate 
with increasing concentration of sulphuric acid in aqueous solvents is due to the 


increasing conversion of nitric acid into nitronium ion: HNO, + 2H,S0O, 
NO,* + H,O* + 2HSO,. The reason for the decrease in the rate from the maximum to 


100°% sulphuric acid and its continued decrease in oleum is however not so clear. The 
theory originally proposed by Bennett et al. (loc. cit.), which involved the termolecular 
rate-determining stage, RH + NO,* + B= RNO, + BH"*, where B is some base, was 
criticised by Gillespie and Millen (/oc. cit.) and by Hughes, Ingold, and Reed (Part II, /., 
1950, 2400), and was definitely shown to be incorrect by Melander (Nature, 1949, 163, 499 ; 
Arkiv Kemi, '950, 2, 211), who found that tritium is displaced from tritium-substituted 
toluenes at the same rate as hydrogen is displaced from unsubstituted toluene. 

The present work describes a further investigation of the causes of the decrease in the 
* Part IX, J., 1952, 28 
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rate of nitration on passing from 90° to 100°, sulphuric acid and its continued decrease 
in oleum. It was recognised at the outset that two main factors would have to be 
considered : first, that many aromatic compounds, and in fact all those that had previously 
been used in investigating nitration, have weakly basic properties and undergo protonation 
or form hydrogen-bonded complexes with sulphuric acid, and secondly, that there would 
probably be a general solvent effect due to changes in the dielectric constant, ionic strength, 
or solvating power of the solvent with changes in its composition (Gillespie and Millen, 
loc. cit.; Hughes, Ingold, and Reed, Part II, oc. cit.). 

In order to eliminate the effect of the basicity of the aromatic compound, two 
substances were chosen for study, namely, the trimethylphenylammonium ion and its 
p-chloro-derivative, which are incapable of undergoing protonation. The rate of nitration 
of these substances has been measured in sulphuric acid media containing up to 12°% of 
water and up to 13°%% of sulphur trioxide. For comparison, a similar study has been made 
of p-chloronitrobenzene in media containing up to 19% of sulphur trioxide in which it is 
known to undergo protonation. 

Measurements on the rate of nitration of £-chloronitrobenzene and the trimethylpheny] 
ammonium ion in aqueous sulphuric acid solvents have recently been reported by Bonner, 
James, Lowen, and Williams (/oc. cit.), and by Bonner, Bowyer, and Williams (loc. cit.), 
and a few measurements on the p-chlorophenyltrimethylammonium ion and #-chloro- 
nitrobenzene in 89-8% sulphuric acid have been made by Brand and Paton (J., 1952, 281). 
No previous measurements have been made on these compounds in oleum. 


EXPERIMENTAL 

The two quaternary ammonium ions were used in the form of their nitrates (the hydrogen 
sulphates are inconveniently hygroscopic). Nitric acid is liberated and nitration commences 
immediately upon dissolution in the sulphuric acid medium. The rate of reaction was 
measured by analysing the reaction mixture, at known time intervals, for nitric acid. 

Materials.—Trimethylphenylammonium nitrate. The iodide, prepared from dimethyl- 
aniline and methyl iodide, was converted into the nitrate in aqueous solution by the action of 
silver nitrate. Silver iodide was filtered off, and excess of silver precipitated with hydrogen 
sulphide. The filtrate was evaporated to dryness, and then dissolved in the minimum amount 
of hot absolute alcohol. Addition of excess of acetone caused white needles of the salt to 
separate on cooling; m. p. 119-5°. 

p-Chlorophenyltrimethylammonium nitrate was prepared similarly and after recrystallis- 
ation from hot absolute alcohol had m. p. 195°. 

p-Chloronitrobenzene. The commercial material was recrystallised several times from 
absolute alcohol until almost colourless; m. p. 83°. 

Nitric acid was prepared as described by Hughes, Ingold, and Reed (Joc. cit.). 

Reaction media. Aqueous media were prepared from ‘“‘ AnalaRk’’ 98% sulphuric acid by 
addition of water or oleum. Oleum media were prepared by distillation of sulphur trioxide 
from a commercial oleum into 98°, ‘‘ AnalaR”’ sulphuric acid. 100°, Sulphuric acid was 
prepared by addition of water to a dilute oleum until the maximum freezing point was reached 

Aqueous media were analysed by titration against standard sodium hydroxide solution, and 
oleum media by titration with water (Brand, J., 1946, 585). 

Rate Measurements.—For the quaternary ammonium nitrates a weighed quantity of the 
salt was added to a known amount of the medium at thermostat temperature, and after 
4 minute’s shaking the solution was transferred to a three-necked reaction vessel equipped with 
a stirrer and immersed in the thermostat. The time of starting the reaction was taken as that 
when the salt first came into contact with the acid. The initial temperature rise caused by 
the heat of solution of the salt was minimised by using a low concentration of the salt, namely, 
0-025M. 

In the case of chloronitrobenzene equal volumes of separate solutions of nitric acid and 
chloronitrobenzene were made up at thermostat temperature. To start the reaction, the 
contents of the flask containing the chloronitrobenzene solution were transferred to the reaction 
vessel, a definite time of draining being allowed. Then the nitric acid solution was added, and 
the same time of draining allowed. The start of the reaction was taken as 15 seconds after 
commencing to add the nitric acid solution. 

Small portions of the reaction mixture were withdrawn from the reaction flask at suitable 
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time intervals and analysed for nitric acid. The 5-ml. pipette used had a fairly rapid delivery 
and had been calibrated for delivery of the different media used at the temperature of the 
thermostat. 

Analytical Method.—The determination of nitric acid was carried out by Treadwell and 
Vontobel’s method (Helv. Chim. Acta, 1937, 20, 573; cf. Bennett, Brand, James, Saunders, and 
Williams, loc. cit 

RESULTS AND DIscUSSION 

For each of the three compounds the experimental results show that over the whole of 
the solvent composition range investigated the reaction is of the second order for given 
initial reactant concentrations, the rate being given by the equation 

d(HNO,]/d¢ = k,{ ArH (HNO, 
where _HNO,} is the stoicheiometric concentration of nitric acid. A selection of the 
results of individual experiments is given in Figs. 1, 2, and 3. In Figs. 1 and 2, 1/, HNQ,| 
is plotted against time for a number of experiments with the two quaternary ammonium 
ions, and in Fig. 3 log {,HNO,}/[p-CIC,H4’NO,}} is plotted against time for a number of 
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experiments with f-chloronitrobenzene. In each case a straight line is obtained, showing 
that the reaction is of the second order. The mean second-order rate constants, ky, from 
duplicate experiments at each solvent composition are listed in Table 1, and the variation 
of k, with the solvent composition is shown graphically in Figs. 4 and 5. The values of 
k, for f-chloronitrobenzene and nitrobenzene in 87—97°, sulphuric acid, included in 
Figs. 4 and 5 for comparison, have been obtained from the results of Bonner, James, 
Lowen, and Williams (/oc. cit.) and of Bonner, Bowyer, and Williams (loc. cit.). The value 
for nitrobenzene in 100° sulphuric acid is due to Martinsen (loc. cit.). 

In the strongest oleum solvents used the nitration was accompanied by a slow 
sulphonation, particularly with the trimethylphenylammonium ion. The occurrence of 
sulphonation was apparent from a curvature of the graphs, shown in Figs. 1, 2, and 8, 
towards the time axis, particularly near the end of the run. No rate constants have been 
recorded in this paper for runs for which the plots were not linear over the major portion 
of their length and from which the rate constant was not readily determined. The values 
of k, for the higher oleum concentrations may, however, be too low by several units %. 

The variation of the rate of nitration with the solvent composition in sulphuric acid 
water solvents for both the trimethylphenylammonium ion and its p-chloro-derivative is 
very similar to the behaviour of all other compounds previously investigated, there being a 
maximum rate at approximately 90°, sulphuric acid. Our values for the trimethylphenyl- 
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ammonium ion agree excellently with those of Bonner, Bowyer, and Williams (loc. cit.). 
The behaviour of the quaternary ammonium ions in oleum solvents, however, differs 
markedly from that of p-chloronitrobenzene and other compounds that have been studied 
in that the rate increases with increasing concentration, whereas for other compounds it has 
been generally found to decrease. 

The observed decrease in the rate of nitration of the trimethylphenylammonium ion 
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and its f-chloro-derivative on change from 90° to 100% sulphuric acid makes it quite 
clear that the basicity of the aromatic molecule cannot be completely or even largely 
responsible for this generally observed behaviour; some other factor affecting both basic 
and non-basic molecules must be responsible. However, the observation that the rate of 
nitration of p-chloronitrobenzene decreases markedly on increasing the sulphur trioxide 
concentration in an oleum medium, whereas the rate of the quaternary ammonium ions 
actually increases strongly suggests that in these media the basicity of the chloronitro- 
benzene is an important factor. A nitro-group is generally considered to deactivate the 


aromatic nucleus less than a quaternary ammonium group —NRz, and hence #-chloronitro- 
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FABLE 1. Influence of medium composition on rates of nitration at 25°. 
(a) Trimethylphenylammonium ion (initial concn. of CgH,*NMe,}NO, 0-0250M). 
Medium Medium Medium Medium 
H,SO,, Molality H,SO,, Molality SO;, Molality SO;, Molality 
oa of HO &, * ra of H,O kk, * of of SO, ks % of SO, ky 
87-45 7:87 0-99 95-34 2°72 1-15 2-79 0-36 0-57 7-96 1-08 0-74 
88-55 7-18 1-62 97-22 1-5 O-S87 5-50 0-73 0-68 8-65 1-18 0-80 
90°13 6-08 2-08 97-59 1-37 0-80 6-56 O88 0-71 9-92 1-35 0-87 
91-11 5:42 2-05 98-88 0-76 0-67 7:48 1-01 0-80 10-33 1-44 0-92 
93-00 4:18 1-58 98-94 0-60 0-60 
(8) p-Chlorophenyltrimethylammonium ion (initial concn. of p-CIC,H,y-NMe,}NO,~ = 0-025). 
88:42 7:27 0-231 94-68 3-12 0-223 0-52 0-065 0-084 6-27 0-84 0-116 
90-07 6-13 0-333 95-S4 2-42 0-205 1-84 0-24 0-093 7-00 0-94 0-119 
90-25 6-00 0-348 96°87 1:80 0-159 2°87 0-37 0-098 8-05 1-09 0-123 
90°76 5-65 0-348 98-35 0-94 0-126 3-19 0-42 0-102 9-20 1-16 0-130 
92-71 4°36 0-324 99-41 0-34 0-092 3-60 0-44 0-101 9-38 1-29 0-130 
93-12 4:10 0-295 4-2] 0-55 0-107 9-78 135 0-131 
5°35 0-71 0-112 10-58 1-48 0-135 
6-21 0-83 O-117 13-10 1:88 0-138 
* k, is given throughout in the units mol. 1.~? min.~. 
(c) p-Chloronitrobenzene (initial concn. of p-CIC,H,;-NO, and HNO, = 0-0240—0-0270m). 
Medium Medium 
SO,, Molality SO, Molality 
of of SO, ko hi! ye % of SO, ky ky’ h,’’ 
0-00 0-00 0-0577 0-065 0-070 6-01 0-80 0-O0189 0-091 0-051 
2-80 0-36 0-0296 0-083 0-059 8°35 1-14 0-0154 0-108 0-050 
3-06 0-40 0-0288 0-086 0-059 10-93 1-54 00-0114 0-113 0-050 
4-75 0-62 0-0215 0-084 0-051 12-46 1-78 00-0097 0-115 0-044 
5-38 0-71 0-0206 0-088 0-053 14-63 2-14 0-0076 0-119 0-033 
5-56 0-73 0-0202 0-090 0-058 19-67 3:06 0-0040 _- 0-033 


benzene would be expected to be nitrated more rapidly than the p-chlorophenyltrimethyl- 
ammonium ion, and in fact in aqueous sulphuric acid media up to 82% H,SQ, it is nitrated 
more rapidly. However, it can be seen from Fig. 5 that in oleum, for all concentrations of 
sulphur trioxide, f-chloronitrobenzene is nitrated the more slowly. This is in accord with 
our suggestion that the f-chloronitrobenzene is at least partly protonated under these 
conditions, since the protonated nitro-group might reasonably be expected to be more 
deactivating than the trimethylammonium group. 

It is possible to calculate the rate constants for un-ionised f-chloronitrobenzene in 
oleum media if one knows the degree of ionisation of the f-chloronitrobenzene at different 
solvent compositions, and assumes that the rate of nitration of the protonated molecule is 
negligible compared with that of the free base. Unfortunately, although there is little 
doubt that f-chloronitrobenzene is ionised in oleum, available information about its 
degree of ionisation is not very precise. It was first studied spectroscopically by Brand 
(J., 1950, 997), who obtained a value for pA, of —11-49. This value in conjunction with 
the value of the acidity function Hy for the solvent, which was also determined spectro- 
scopically by Brand, enables the degree of ionisation of the p-chloronitrobenzene to be 
calculated from the equation Hy = pA, + log/B)/[BH*]. In a recent paper on the 
ionisation of various aromatic nitro-compounds, Brand, Horning, and Thornley (J., 1952, 
1374) used an improved method of obtaining the ionisation ratios from the spectroscopic 
results, and gave the slightly modified value for f-chloronitrobenzene of pA, = —11-56, and 
very considerably modified values of the acidity function Hy. As has been pointed out by 
Brand, Horning, and Thornley (loc. ctt.), the basicities of various nitro-compounds 
determined spectroscopically differ markedly in many cases from the values obtained 
cryoscopically in 100°, sulphuric acid (Gillespie, J., 1950, 2542). We defer to a later 
paper discussion of the estimates of the basicity of #-chloronitrobenzene and its degree of 
ionisation in oleum media, but here we merely state that, partly because of the better 
agreement with the cryoscopic results, we consider the earlier estimates of the degree of 
ionisation of p-chloronitrobenzene and other nitro-compounds made by Brand (loc. cit.) 
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to be the more nearly correct. We have in any case calculated the rate constants for 
un-ionised p-chloronitrobenzene, using both sets of spectroscopic data. The values of 
k,’ calculated from Brand's data (oc. cit.) are given in col. 4 of Table 1(c), and the values 
of k,”’ calculated on the basis of Brand, Horning, and Thornley’s data (loc. cit.) are given 
in col. 5. Both sets of values are also shown graphically in Fig. 6. 

It is at first sight somewhat surprising that the rate constants for un-ionised p-chloro- 
nitrobenzene should be smaller that those for the #-chlorophenyltrimethylammonium ion 
in all the oleum media investigated, since the nitro-group is generally less deactivating than 
the trimethylammonium group. This can, however, be adequately accounted for if it is 
assumed that un-ionised f-chloronitrobenzene molecules are not present as “ free ”’ 
molecules but in the form of hydrogen-bonded complexes with sulphuric acid (Gillespie 
and Millen, /oc. cit.), since the hydrogen-bonded nitro-group would be expected to be more 
deactivating than the “free’”’ nitro-group, and it could plausibly be slightly more 
deactivating than the trimethylammonium group. Support is lent to this explanation 
by the fact that although, as may be seen in Fig. 4, in 90°% sulphuric acid the rate of 
nitration of -chloronitrobenzene is 1-3 times that of the #-chlorophenyltrimethyl- 
ammonium ion, yet the two rates are equal in approximately 94°% sulphuric acid, and at 
higher concentrations of sulphuric acid p-chloronitrobenzene is nitrated the more slowly. 
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Now it is certain from Brand’s spectroscopic measurements (/oc. cit.) that at the solvent 
composition at which the reversal of rates occurs f-chloronitrobenzene is almost completely 
un-ionised and it cannot therefore be attributed to protonation of the nitro-group. It 
may, however, be reasonably attributed to an increasing formation of a hydrogen-bonded 
complex of f-chloronitrobenzene with sulphuric acid with increasing sulphuric acid 
concentration in the medium. If this explanation is correct it follows that all compounds 
with basic properties should exhibit a more rapid decrease in rate between 90°/, and 100°, 
sulphuric acid than non-basic compounds, which should all show approximately the same 
decrease. Table 2 gives the ratios of the rates of nitration of a number of compounds in 
95°, and in 100° sulphuric acid at 25° calculated from the results of the present work or 
those of Martinsen (/oc. cit.) or Lauer and Oda (loc. cit.). It may be seen that the value of 
this ratio is 2-5 for the two non-basic quaternary ammonium ions, and is larger for all the 
other basic compounds with the single exception of 2 : 4-dinitrophenol. The behaviour of 
this compound remains unaccounted for and merits further study. 

It has been stated (Bonner, James, Lowen, and Williams, /oc. cit.) that the relative 
rates of nitration of certain compounds do not vary greatly with medium composition. 
However, it has already been pointed out (Gillespie and Millen, /oc. cit.) that this is not 
generally true, and in view of the above considerations concerning the formation of 
hydrogen-bonded complexes it would not be expected to be true except perhaps for non- 
basic compounds. Table 3 gives the values of the rate ratios of three pairs of closely 
related compounds, and it may be seen that only the ratio of the rates of the two non- 
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basic quaternary ammonium ions remains constant over the whole solvent composition 
range. The other two ratios decrease on change from 89°4 to 100° sulphuric acid, which 
is consistent with the increasing formation of a hydrogen-bonded complex by the basic 
compound. In oleum media the ratios of the rates of un-ionised f-chloronitrobenzene and 
the f-chlorophenyltrimethylammonium ion are constant, suggesting that in these media 
p-chloronitrobenzene is present entirely in the form of a hydrogen-bonded complex with 
sulphuric acid. 
PaBLeE 2. Vartation of nitration rate with solvent composition at 25°. 
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TABLE 3. Rate ratios at 25°. 
Medium k(CIC, Hy: NO,) k(C,H,°NO,) k(C,H,*NMe,) 
a ng acca Seperate ; 
H,50,, % Molality of H,O k(CIC,H,*N Me,) k(CgH,:N Me;) A(CIC Hy NMe;) 

89-0 6°87 1-32 2-1 6-5 

90-0 6-17 1-29 2-22 6-0 

92-0 4:83 1-15 2-14 5-6 

94-0 3°55 0-96 1-55 D4 
96-0 2-32 0-97 1:53 5-6 
97-0 1-72 O-88 1-41 5-6 
98-0 1-13 0-83 5:7 
99-0 0-57 0-76 58 
100-0 0-00 0-77 * 1-15 + 6-0 

SO 3, % Molality of SO, 

2:0 0-256 0-81 * 59 

4-0 0-523 0-77 * 5-7 

6-0 0-797 0-77 * 5-6 

8-0 1-084 0-84 * +6 

10-0 1-388 0-83 * 6-5 

12-0 1-708 OSS 


d molecule 


* Calculated from the rate constants ,’ for the un-ioni : 
ionised molecule 


+ Calculated from the corrected rate constant for the 1 


Brand and Paton (J., 1952, 281) have recently studied the effect of p-substituents on 


-; =- 


the relative rate of nitration of C,H,-NO, and C,H.*NMe,. The relative velocities were 
mostly measured competitively, and, in order that the rates should in all cases be readily 
measurable, they used two different temperatures (18° and 25°), and different solvent 
compositions. The comparison of the results obtained under these different conaitions 
was justified on the grounds that relative rates of nitration are approximately independent 
of the medium composition and of temperature. The first assumption has been shown 
above to be incorrect, and there seems to be little experimental evidence for the second. 
For example, Brand and Paton give the value of 1-1 for the ratio k(p-CIC,H,*NO,) /A(p 
CIC,H,*NMe,) in 90-79 sulphuric acid and 1-22 in 89-8°,, sulphuric acid. Reference to 
the rate ratios listed in Table 3, however, shows that this ratio actually decreases from 
1-32 in 89°, sulphuric acid to 0-77 in 100°% sulphuric acid. Similarly for the ratio 


k(CgH;*NO,)/k(C,H.*NMe,) Brand and Paton found values of 1-7 and 1-9 in 90-7°% sulphuric 
acid, whereas in Table 3 it may be seen that the ratios decrease from 2-2 in 89-0° sulphuric 


> 
os 


8) 
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acid to 1-15 in 100% sulphuric acid. It would seem, therefore, that Brand and Paton’s 
comparisons are not justified and their theoretical interpretation cannot therefore be 
completely correct. It is essential to measure the rate ratios over a wide solvent composi- 
tion range, and to take into account the formation of hydrogen-bonded complexes by any 
compounds containing basic groups such as the nitro-group. Thus, from the data of 
lable 2 it may safely be concluded that the effect of the introduction of a p-chlorine into 
the trimethylphenylammonium ion is to reduce its rate of nitration six times. On the 
other hand, it is difficult to estimate the effect of replacing a nitro-group by a trimethyl- 
ammonium group, since the deactivating influence of the nitro-group is modified by 
hydrogen bonding to an extent that depends on the composition of the solvent. 

Che previous considerations have shown that if the effects due to the behaviour of the 
aromatic compound as a base are eliminated, then the rate of nitration decreases as the 
concentration of sulphuric acid is increased from 90°,, passes through a minimum at 100°; 
sulphuric acid, and then increases with increasing sulphur trioxide concentration in oleum. 
The behaviour of all the compounds investigated is quite similar, and similar compounds 
show almost exactly identical behaviour, as is shown, e.g., by the constancy of the ratio 
of the rates of nitration of the trimethylphenylammonium ion and its f-chloro-derivative 
from a solvent composition of 90°% sulphuric acid to 10°, sulphur trioxide. It is reasonable 
therefore to seek an explanation of this dependence of rate on the solvent composition in 
terms of a general solvent effect. The nitration reaction involves a spreading of the 
charge, originally concentrated in the nitronium ion, over the aromatic nucleus in the 
transition state : 


HH : NO, 


NO,’* > <--> | —> 1 Hi 


and hence, by the general theory of solvent effects, it may be predicted that it 
will be accelerated by decreasing the dielectric constant of the solvent. Now there are 
reasons for believing that sulphuric acid has a very high dielectric constant (Gillespie, 
Hughes, and Ingold, /., 1950, 2473) : a recent somewhat indirect determination made by 
Brand, James, and Rutherford (J. Chem. Phys., 1952, 20, 530) has given a value of 110. 
Because of their tendency to be solvated, ionic solutes may be said to exert a structure- 
breaking effect on the liquid and hence they would be expected to decrease the dielectric 
constant. Moreover, the solvent molecules solvating the ions will be bound so tightly as 
largely to lose the freedom of rotation that they possess in the pure liquid and thus will 
be unable to orientate in an electric field. For this reason also the addition of an ionic 
solute to sulphuric acid is likely to decrease its dielectric constant. It is known that 
electrolytes generally decrease the dielectric constant of water (Collie, Hasted, and 
Ritson, b1d., 1948, 16, 1) which is a very similar type of solvent to sulphuric acid, although 
probably not so highly associated. Thus, although the dielectric constants of sulphuric 
acid—water mixtures have not yet been determined because of considerable experimental 
difficulties, it seems reasonable to suppose that addition to sulphuric acid of either water ot 
sulphur trioxide, both of which produce ions, will cause a decrease in the dielectric constant 
and hence, according to the argument above, an increase in the rate of nitration, as is 
observed experimentally. 

We may alternatively consider the problem of the solvent effect in terms of solvation, 
assuming that it is due to a variation in the solvating power of the solvent as its composi- 
tion is changed. Solvation will affect both the energy and the entropy of activation of 
the reaction. Let us consider the former first. Since the change in the initial state of 
the reaction is more localised than in the transition state, presumably the solvation of the 
transition state will be less and hence its energy of solvation smaller. If we can now assume 
that the solvating power of the solvent is a maximum at the composition of sulphuric acid 
and decreases as either water or sulphur trioxide is added (Hughes, Ingold, and Reed, 
Part II, /oc. cit.), then the energy of activation will decrease accordingly. Changes in 
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the entropy of activation being temporarily ignored, this will lead to a maximum rate of 
nitration at the composition of sulphuric acid, as is observed experimentally. 

For the p-chlorotrimethylammonium ion we have measured the rate of nitration at 
35° and 45°, in addition to 25°, and at various solvent compositions, and have thus been 
able to obtain the corresponding energies of activation. The rate constants for 35° and 
15°, which are mean values for duplicate runs, and the activation energies calculated from 
them, and the rates at 25°, are given in Table 4. 


ABLE 4. Vartation of the rate of nitration of the p-chlorophenyitrimethvlammonium ton 


with temperature (log k = Ae~* ®?), 
} k 
Medium ee = Medium hy = 
H,SO,,% 35 45 } 10-4 SO,, % 35 45 I 10-84 
GO-25 0-827 1-92 16-3 4:3 1-S 0-233 0-582 17-5 6:8 
94-65 0-580 1-41 17-0 9-3 7:9 0-206 0-676 15-8 0-68 
98-70 0-313 O-75% 17-4 W5 


It was found that for each solvent composition used the activation energy plot, 1.e., 
log ky against 1/7, showed a marked curvature, the trend being in the direction of lowe1 
energies of activation at higher temperatures. Thus the energies of activation and 
A factors given in Table 4 are mean values for the temperature range 25—45°. It may be 
seen from Table 4 that the activation energy actually does pass through a maximum at, 
or near, the composition H,SO,. 

Let us now consider the effect of solvation on the entropy of activation. If we assume 
that 100°, sulphuric acid has a maximum solvating power, if solvation causes a decrease 
in the total entropy of the solution, and if we assume as before that the transition state is 
less solvated than the reactants, then a maximum entropy of activation and hence a 
maximum A factor would be expected in the anhydrous acid, and lower values in aqueous 
sulphuric acid or oleum. The values given in Table 4 for the p-chlorophenyltrimethyl- 
ammonium ion show that in fact the A factor does pass through a maximum at, or near, 
the composition 100°, sulphuric acid. 


We thank the Ministry of Education for a Further Education and Training Award made to 
one of us (D.G.N.). 
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204. Stereochemical Factors in the Kinetics of Diels—Alder 


Associations. 
By B. E1ster and A. WASSERMANN. 


The activation energies, E, of two Diels-Alder syntheses involving 
butadiene are larger than the & values of similar associations in which cyclo 
pentadiene is one of the reactants. This is explained by the fact that the 
double bonds of the open-chain and the cyclic diene are respectively in the 
trans- and the cis-position relative to each other 


Butra-] : 3-DIENE is a mixture of czs- and ftrans-isomers, the latter predominating at 
temperatures below 300° (Aston, Szasz, Wooley, and Brickwedde, /. Chem. Physics, 
1946, 14, 67; Aston, Discuss. Faraday Soc., 1951, 10, 73), whereas the conjugated double 
bonds of cyclopentadiene are fixed in the czs-position. Owing to this stereochemical 
difference a kinetic comparison of second-order homogeneous Diels-Alder syntheses in 
volving butadiene and cyclopentadiene is of interest. Experiments have been carried out, 
therefore, dealing with the following association : 


Butadiene Benzoquinone Adduct (benzene solution; rate constant Ry 
activation energy Basan ,> 4 
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the activation energy of which is compared with that of the reaction : 


cycloPentadiene Benzoquinone Adduct (benzene solution; rate constant =f,; 

activation energy Bays 5 6 © 1B) 
the latter being already known from previous work (Wassermann, /., 1936, 1028). A 
further kinetic comparison is made between two dimerisations of theDiel s-Alder type, v7z., 


2-Butadiene = Adduct (gas phase; rate constant = &,; activation energy = E3) (3) 
2-cycloPentadiene = Adduct (gas phase; rate constant = A,; activation energy = E,) . (4) 


which were investigated, within a comparable temperature range, by Kistiakowsky and 
Ransom (J. Chem. Physics, 1939, 7, 725) and by Benford and Wassermann (/., 1939, 363). 
The results of the experiments now to be described and those of the earlier work show 
that FE, > E,and EF, > E£,, and the purpose of this paper is to explain these observations. 


Experimental and Results—The buta-1: 3-diene contained less than 1% of butenes 
(spectroscopically tested), and the total amount of impurities was less than 2%, as found by 
distillation and reaction with excess of molten maleic anhydride. Benzoquinone was 
recrystallised until the m. p. and the extinction coefficient at 4700 A agreed with previously 
recorded values. Dried butadiene was slowly passed, at room temperature, through a trap 
fitted with ground joints and containing a known weight of benzene, solutions of known 
concentration being prepared by weighing the trap before and after the butadiene absorption 
The solution could be transferred into a reaction vessel containing the required amount of 
benzoquinone without significant loss of butadiene. The kinetics of reaction (1), at 25-0°, were 
measured by determining colorimetrically the benzoquinone consumption, this technique 
(see J., 1936, loc. cit.) being applicable because butadiene and the final adduct are colourless. 
The results of these measurements are in Table 1. At higher temperatures the colorimetric 


TABLE 1. Kinetics of reaction (1) at 25-0°; colorimetric technique; benzene solution. 


Concn. (mole 1.~') Cell thickness , Final k,* 
Butadiene Benzoquinone (cm.) conversion, % (1. mole™ hr.-) 
0-707 0-0105 4-00 87 0-0113 -- 0-008 
0-330 0-00240 20-0 58 0-0107 + 0-0008 
0-0817 O-O817 0-500 29 0-0099 0-001L0 


* Mean value of at least five observations. 


method is not sufiic*ently accurate because of loss of butadiene, and therefore a technique was 
worked out enabling a continuous observation of the vapour pressure of the reaction mixture, 
and thus of the butadiene content. These measurements were done by means of a mercury 
manometer to which a reaction vessel A could be attached by means of standard joints and 
spring clips. Vessel A containing the benzoquinone was in the first instance connected with 
the trap containing the butadiene solution, which was sucked over by cooling 4 with liquid air. 
After disconnection of the trap, A was quickly fitted to the manometer, and the system was 
thoroughly evacuated, while 4A was cooled to —190°, no attempt being made, however, 
completely to remove dissolved or occluded air from the frozen mixture. The manometer, 
together with A, was then placed in a thermostat (fitted with a glass window) the temperature 
of which was constant to within +0-02°. The results of a typical run are in Table 2, and the 
mean values of the rate constants, k,, determined at four temperatures, are in Table 3. The 
Arrhenius rate equation k, = A ,e~*1/R7 is obeyed with logy) A, = 5:2 + 0-6 (A, in ].mole™ sec.~}) 


TABLE 2. Kinetics of reaction (1) at 55-0° ; vapour-pressure technique ; benzene solution. 


Equimolar initial concentrations of reactants = 0-867 mole 1.!. 


Time (hr.) .. idee 0 0-100 0-200 0-300 0-400 0-500 0-600 0-800 

Vap. press. (mm.) .. 676 673 670 667 664 662 659 653 

k, (1. mole hr.~) ... 0-103 0-103 0-106 0-110 0-101 0-105 0-101 

RE TOELD: cscusescctcs 1-00 1-50 2-10 2-80 3-60 4-30 5-60 6-50 L 

Vap. press. (mm.) ... 648-5 636-5 622 608 593 580-5 563-5 555 337 
k, (1. mole hr.!) ... 0-101 0-104 0-103 0-103 0-105 0-102 0-098 0-098 


TABLE 3. Rate constants, k,, of reaction (1) in benzene solution. 
Temp Saneee 25:0 35-00 45-00° 55-00 
Final conversion, %, 29—87 60 31 27 


k, (1. mole"! hr.~) ; . 0-O110 0-0210 0-047 1 0-101 
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and an £, value listed in col. 4 of Table 4, which also contains the previously determined 
activation energies of reactions (2)—(4). 


Discusston.—Two mechanisms for second-order homogeneous Diels—Alder associations 
have been suggested, involving transition states formed by collisions in which the closest 
approach between carbon atoms of the reactants occurs at one or at two positions. In 
the first mechanism (Kistiakowsky and Ransom, /oc. cit.) the transition state is regarded 
as a diradical subsequently converted into the fully formed product, whereas in the 
alternative mechanism (Wassermann, /., 1942, 612) the transition state is stereochemically 
similar to the associated species. The first mechanism does not offer an obvious 
explanation for the figures in the last column of Table 4, while the relatively large 


TABLE 4. Activation energies of Diels—Alder associations involving butadiene and 
cyclopentadiene. 
Reaction Activation energy Ditterence 
no Diene Dienophile (keal.) (keal.) 
I Butadiene fr . E, 14-5 -}- 0-6 . . 
1 , Benz one te ae” E E 2-9 -++- 1-2 
2 cycloPentadiene BEAROG EM } Ey 11-6 + 0-6 . : : 
3 Butadiene Butadiene E, = 23:7 + 0-5 E k 7.0 Ll 
? ) . ed > . e” r 7 
t cvcloPentadiene cvcloPentadiene E, 16-7 + 0-6 . . 


activation energies of the butadiene reactions can be accounted for in terms of the second 
mechanism. A transition state of the specified stereochemical requirements can not be 
produced by ¢rans-butadiene, and, therefore, a preliminary endothermic reaction, leading 
to the less stable czs-butadiene has to take place, before the “ one-step ” addition to the 
dienophile can occur. Reactions (1) and (3) are regarded, therefore, as consecutive 
processes, namely 


k 


C,H, — cts-C,H, (equilibrium constant k./ky, heat change = AH) ee 
°e 
followed by 
cts-CyH, + C,H,O, = Adduct (rate constant k,, activation energy = E,) . . (6) 
cis-C,H, + cts-CyH, = Adduct (rate constant = 4,, activation energy = E,) o (G8) 


raking czs-butadiene as a reactive intermediate of relatively short life time and applying 
the stationary-state approximation with k, >, *« ‘Benzoquinone] or k, & [ets- 
Butadiene’, we can show that 


Ry Reke/ Re (8) 
ky = hy(Re/hi)? ; - (9) 


It can be assumed, for the present purpose, that neither the entropies of czs- and trans- 
butadiene nor the logarithms of the non-exponential factors of the Arrhenius expression, 
relating to k, and k, or k, and k,, are significantly different. If this be accepted, it follows 
from (8) and (9) that 
E, E, + AH, and E, E, 248 . (10) 
It could be suggested that in the over-all dimerisation of butadiene, the following step 
also plays a réle 
cts-CyH, + trans-C,H, = Adduct (activation energy E¥s) - Can) 
Consideration of models shows, however, that the transition state of (7) is more closely 
packed than that of (11); this is of relevance because a theoretical treatment of endo-exo- 
isomerism in Diels-Alder associations led to the conclusion that more closely packed 
transition states are preferred (Wassermann, /J., 1935, 1511; 1936, 432; Trans. Faraday 
Soc., 1939, 35, 841) and it is reasonable, therefore, to postulate that E,, — EF; is sufficiently 
large to exclude a significant contribution of (11), within the temperature range here 
considered. The AH of (5) being taken as 2-3 kcal. (Aston et al., loc. cit.), it follows from 
the over-all activation energies actually measured, FE, and F,, in conjunction with (10), that 
E, 12-2 -- 0-6 keal. and E, = 19-1 + 0-5 kcal. It will be seen, therefore, that the 
differences E, — E, and E, — E,, viz., 0-6 + 1-2 and 2-4 1-1 keal., are either smaller 
or not substantially larger than the experimental errors of the measured activation energies. 
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Phese results are fully compatible with the “ one-step ’’ mechanism of Diels—~Alder reactions 
]., 1942, loc. cit.), because the modes of addition of (6) and (2) or of (7) and (4) should be 
fundamentally similar. 
A grant from Messrs. Petrocarbon Ltd., Manchester, is gratefully acknowledged; we are also 
indebted to this firm for a supply of butadiene 
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205. Jonophoresis of Some Disaccharides. 
By A. B. Foster. 

lonophoresis of certain disaccharides on paper, in borate butter at pH 10, 
is much more expedient than chromatography in certain cases, and may be of 
value in the determination of polysaccharide structure. T’rom the migration 
of numerous methyl sugars in ionophoresis, evidence is obtained which 
suggests that aldehydo-forms, in addition to ring structures of the derivatives, 

interact with borate ions. An analogy is drawn with the interaction of 

aldehydes and polyhydric alcohols (Barker, Bourne, and Whiffen, J., 1952 

3865) 
ATTENTION has recently been focused on the use of filter-paper ionophoresis as a 
technique complementary to that of chromatography in structural studies of carbo 
hydrates (Jaenicke, Naturwiss., 1952, 39, 86; Consden and Stanier, Nature, 1952, 169, 
783: Foster, Chem. and Ind., 1952, 828; Woodin, Biochem. we; 1952, 51, 319: Foster and 
Stacey, J. Appl. Chem., 1953, 3, 19). We have been investigating extension of 
the method and, secondly, the mode of interaction of borate ions with carbohydrates in 
the alkaline media used. 

Migration of certain neutral sugar derivatives, in ionophoresis, occurs at an alkaline pH 
in the presence of borate ions and results from the formation of the weak negatively charged 
complexes (I) and (II). These are represented as derived from compounds of the type 

HO O O O, 
(1) b. R R LB R (11) 
HO So . O \ ) 


R(OH), which have suitably orientated hydroxyl groups. In acid media the equilibria 
which involve boric acid (cf. (I) and (I1)] lie to the side of the boric acid, but at increasingpH's 
the concentration of the complexes (I) and (II) extensively increases. The effect of this 
type of complex formation on the conductivity of 0-5M-boric acid at 25° has been reviewed 
by Boeseken (Adv. Carbohydrate Chem., 1949, 4, 189) and the general interaction of boric 
acid with polyalcohols has been described by Isbell, Brewster, Holt, and Frush (/. Res. 
Nat. Bur. Stand., 1948, 40, 129) and by Zittle (Adv. Enzymology, 1951, 12, 493). 

As an index of migration of the borate ion-carbohydrate complexes in filter-paper 
ionophoresis the term Mg has been suggested (Foster, loc. ett.) where for any substance 

frue distance of migration of the substance 


V/ 
” rue distance of migration of D-glucose 


lhe true distances of migration are those corrected for movement due to electroendosmotic 
flow by reference to the movement of 2:3: 4: 6-tetramethyl D-glucose, which does not 
form a complex with borate ions. The Mg values recorded in this paper are comparative 
and for a given system they did not vary by more than -}0-02 about a mean value. The 
relative positions of the derivatives on the ionophoretograms were invariable. 

For extension of the application of ionophoresis, the migration of certain disaccharides 
has been studied. From the Mg values which are recorded in Table 1 it may be seen 
that, in the group of six D-glucodisaccharides, maltose, cellobiose, and gentiobiose may be 
differentiated readily from laminaribiose, tsomaltose, and the 1: 3z-linked p-gluco- 
disaccharide. Separation of disaccharides by normal chromatographic procedures is 
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extremely time-consuming (cf. Partridge, Biochem. /., 1948, 42, 238; Hough, Jones, and 
Wadman, /., 1950, 1702; Jeanes, Wise, and Dimler, Analyt. Chem., 1951, 23, 415) and not 


TABLE 1. 
Disaccharide Linkage Ve Rx,* Disaccharide Linkage Mea Rp, 

1: 3x 0-69 Gentiobiose 1: 68 O-75 
Lamunaribiose 1:38 0-69 0-71 Lactose 1:48 0-38 
Maltose 1: 4x 0-32 0-62 Melibiose 1: 6x O-SO 
Cellobiose 1:48 0-28 

Maltose 1: Gx 0-69 0-52 
* The Rg, values are calculated from the data given by Bayly and Bourne (loc. cit.) for the benzyl 


amine method with reference to the movement of N-benzylglucosylamine 


without experimental difficulties (Bayly and Bourne, Nature, in the press) but the recent 
introduction of a chromatographic procedure by Bayly and Bourne (loc. ctt.), which 
involved prior conversion of the disaccharides into the N-benzylglycosylamine derivatives, 
has enabled considerable economies of time to be made. Application of filter-papet 
ionophoresis to the separation of disaccharides permits further large economies of time to 
be effected in certain instances and moreover facilitates separations which are not possible 
by chromatography and provides information concerning the structure of the sugars. 
hus maltose and tsomaltose may be separated in an hour by ionophoresis (see 
Experimental Section) whereas 18 hours were required for the benzylamine method. 
A mixture containing either maltose or cellobiose and one of the 1 : 3«-, 1 : 38- or 1: 62- 
linked disaccharides may be separated similarly. Maltose and cellobiose, which cannot 
be separated by chromatography, may be resolved in 4 hours, and gentiobiose and 1so- 
maltose in 5 hours. The latter disaccharides were separated only after 28 hours by Bayly 
and Bourne’s method. The benzylamine method, however, permitted separation in 
I8 hours of laminaribiose and tsomaltose, which have similar 1onophoretic mobilities. 
Hence by the use of both methods in conjunction, four of the group of six D-glucodi- 
saccharides listed in Table 1 may be recognized quite easily, and the structures of the 
remaining disaccharides limited to two alternatives. 

Béeseken (loc. cit.) has shown that, in 0-5M-boric acid solution, the interaction of the 
x-ring forms of D-glucose is restricted to the cts-C;,): Ci-hydroxyl groups and that on 
protection of the C;,-hydroxyl group, as in the methyl-p-glucosides, there is no complex 
formation. At pH 10 in ionophoresis, the Mg value of «-methyl-p-glucopyranoside shows 
only a slight interaction with borate ions. The ring structures in the glycosides are fixed 
and consequently aldehydo-forms are absent. The non-reducing moieties of the di- 
saccharides studied may be regarded as similarly fixed and would not be expected therefore 
to participate in complex formation, unless crs-disposed hydroxyl groups were present. 
The latter condition is fulfilled in lactose and melibiose, which have higher rates of 
migration than the analogous pD-glucodisaccharides, cellobiose and tsomaltose (see Table 1). 
No doubt this is due to the extra negative charge afforded to the lactose— and melibiose 
borate ion complexes by interaction at the cts-C;,) : C¢y-hydroxyl groups in the D-galactose 
moiety. 

A C,,): Gg-complex cannot be formed by 2-methyl p-glucose but its Mg value of 0-23 
implies considerable interaction with borate ions. Polarographic studies on solutions of 
sugars under equilibrium conditions have revealed the presence of reducible forms which 
are most probably aldehydo-structures. The amount of reducible forms in the equilibrium 
increases rapidly with increase in pH (Delahay and Strassner, J. Amer. Chem. Soc., 1952, 
74, 893; cf. Ingles, Nature, 1949, 163, 484, and Lippich, Biochem. Z., 1932, 248, 280). 
Thus if the interaction of the aldehydo-form of 2-methyl D-glucose with borate ions under 
the conditions of ionophoresis (pH 10) be postulated, its migration may be explained since 
open-chain carbohydrates, such as the polyalcohols, are known to interact strongly with 
boric acid even in acid media (Béeseken, Joc. cit.). In ionophoresis the magnitude of the 
net charge, and hence of the rate of migration, will therefore depend on the number of 
contributors to the equilibrium of ring and open-chain forms of the sugar derivatives which 
can interact with borate ions. Further, it will also depend on the strength of the inter- 
actions at the different loci. It is probable that the a/dehydo-forms of the sugar derivatives 
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adopt the favoured zig-zag shape of a chain of carbon atoms (cf. McCoubrey and Ubbelohde, 
Quart. Reviews, 1951, 5, 364). Several possibilities for the interaction of borate ions with 
various pairs of hydroxyl groups along the open carbon chain therefore exist, and the 
limiting factor must be the distance the borate ion can span in forming a complex. In this 
respect there is an analogy with the interaction of aldehydes and polyhydric alcohols 
discussed by Barker, Bourne, and Whiffen (/., 1952, 3865) who showed that the preferred 
order of condensation and the stability of the acetal rings thereby formed is strictly 
governed by the distances separating the various pairs of hydroxyl groups involved in ring 
formation. Some of the terms and data recorded by these authors will be used in this 
paper. Thus the Greek letters «’ and @’ refer to the relative position of the hydroxyl 
groups along the carbon chain in the aldehydo-forms, and C and T denote whether these 
hydroxyl groups are cts or trans in the usual Fischer projection formule. C and T ar 
necessary only when both hydroxyl groups are secondary. The distances separating the 
pairs of hydroxyl groups relevant to the argument are shown in fable 2. For comparison, 
aldehydo-p-glucose is shown in the Fischer projection formula (III) and in a modification 
of zig-zag representation (IV) suggested by Barker, Bourne, and Whiffen (loc. cit.) for the 


CHO l CHO 
H-C-OH 2 HOCK 
HO-C-H 3 C—OH 
— H-C-OH 1 HO—CC wr) 
H-C-OH 5 be OH 
CH,OH 6 HO-H,C’ 
In (IV), — represents valencies projecting above the plane of the carbon atoms, and ---- represents 


valencies projecting below the plane of the carbon atoms. The hydrogen atoms at positions 2, 3, 4, 
and 5 in (LV) are not shown. 
polyhydric alcohols. The disposition of the free hydroxyl groups of the partially 
substituted derivatives of D-glucose listed in Table 3 may easily be ascertained by 
reference to (III) and (IV). 

In the case of the D-glucose derivatives, listed in Table 3, interaction of borate ions 
with the contributors to the equilibrium at pH 10 appears to be limited in the main to 
TABLE 2. 

Relation of hydroxy groups p’C p’ aT a’ B’T 1 
Separating distance, A ... 2-51 2-51 2-83 2-83 3:43 3-68 


TABLE 3. 
Complexes 


Substance Me formed V6 Disaccharide Linkage 
eR St eds ctauucdacsasats 1:00 a BOLT) - 
6-Methy] D-glucose............. eauee 0-82 X, B’C (B’T) 0-80 * Melibiose 1: 6x 
X, B’C (p’T) 0-75 Gentiobiose 1: 68 

- X, B’C (p’T) 0-69 isoMaltose 1: 6x 

S-Methy] D-glucose —.......6ssesceeeses 0-82 X, B’C (a’) 0-69 1: 3a 
- x, BC. la’) 0-69 Laminaribiose 1:38 

3:5: 6-Trimethyl D-glucose ...... 0-71 ee ik @ 

3: 4-Dimethyl L-rhamnose ......... 0-36 > 4 

3: 4-Dimethy] p-glucose re 0-31 x (x") 

4-Methyl p-galactose...... on 0-27 X (a’T, a’) 0-38 * Lactose 1:48 

4-Methyl p-glucose................ O-24 X (a’T, a’) 0-32 Maltose l : 4a 

niet, 2") 0-23 Cellobiose 1:48 

2-Methyl p-glucose ..... paete ence 0-28 B’ (B’T) 

2: 3-Dimethyl b-glucose ............ 0-12 B’ 

a-Methyl-p-glucopyranoside ...... 0-09 

2:4-Dimethyl p-glucose ............ <0-05 (x’) 

2: 3-Dimethy] L-rhamnose ......... <0-05 (a’C) 

2:4-Dimethyl L-rhamnose ....... <0-05 (B’T) 

2:3: 4-Trimethyl p-glucose...... 0-00 (x’) 

2:3: 6-Trimethyl p-glucose ...... 0-00 (a’C) 

* Includes a contribution from the C,,):C,-hydroxyl groups in the non-reducing moiety rhe 


central column shows the complexes formed and, in parentheses, the remaining possibilities which 
do not facilitate extensive complex formation. In the derivatives of D-glucose X represents the 
Ci) : Cq@-cts-hydroxyl groups in the a-ring forms; in the aldehvdo-forms the location of the hydroxy] 


groups mentioned are as follows : B’C Cy): Cay; B’ Cray: Cog) 2Cysy5 a” Cig Cygys a’ CO Cry: C 
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three possibilities. These involve (A) the 8’C hydroxyl groups at Cg) : Cy in the aldehydo- 
forms, (B) the czs-hydroxyl groups at C;,) : Ci) in the a-ring (furanose and pyranose) forms, 
and (C) the @’ hydroxyl groups at Cy): Cig) in the aldehydo-forms. Interaction at (C) is 
possible in certain cases where a 8’C complex is precluded but if both possibilities are 
present then 6’C takes preference over 6’. The reasons given by Barker, Bourne, and 
Whiffen (loc. cit.) for the preference of 6’C rings over 6’ in acetal formation apply equally 
to complex formation with borate ions. It should be noted that stereochemical variations 
in sugars other than D-glucose may involve possibilities for complex formation different 
from those enumerated for the D-glucose derivatives. Interactions other than at (A), (B), 
and (C) probably occur in the derivatives of D-glucose, but to a negligible extent. 

From Table 3 it may be seen that, with respect to Mg values the derivatives listed fall 
into four groups where (1) interaction at (A) and (B) is possible (high Mg values), (2) inter- 
action at (B) only is possible (moderate Mg values), (3) interaction at (C) only is possible 
moderate Mg values), and (4) interaction at (A), (B), and (C) is precluded (low Mg values). 
Che pronounced fall in the Mg values when complex formation at (A) is precluded, as in 
t-methyl p-glucose and the 1: 4-linked p-glucodisacchandes, suggests that the @’C 
hydroxyl groups at Cj): Ci play a major réle in complex formation. The Mg values of 
2:3:4- and 2:3: 6-trimethyl p-glucose and 2: 4-dimethyl L-rhamnose imply that 2’, 
x'C, or 8’T complexes respectively are not formed to any appreciable extent and, further, 
the results in group 2 suggest that 8’T complexes also are not favoured to any great extent. 
lable 3 shows the complexes presumed to be formed, on interaction with borate ions, for 
all the derivatives studied, together with the remaining possibilities which do not apparently 
facilitate complex formation. The correlation of My values with the presence of specific 
structural features is clearly shown and provides strong support for the theory presented 
in this paper. 

It is of interest that Boeseken, who used conductivity increments as a measure of 
the interaction of polyalcohols with boric acid, recorded an increment of 327 for D-arabitol 
and 625 for D-xylitol (op. cit., p. 191). The Cig): Cy-hydroxyl groups in pD-xylitol are 
3’C whereas only @’ relationships are present in the b-arabitol molecule between the 
Cry) Cgy- and Cig) : C(;-hydroxyl groups. A much stronger interaction is therefore to be 
expected in the case of D-xylitol. 

The rate of migration of the b-glucodisaccharides is controlled by, and hence gives 
some indication of, the position at which the non-reducing moiety is attached to the 
reducing moiety, since this will determine the mode of interaction of the reducing moiety 
with boric acid. Similarly the migration of trisaccharides will be governed largely by the 
point of attachment of the remainder of the molecule to the reducing moiety. This was 
demonstrated on ionophoresis of the trisaccharide fraction obtained from a_ partial 
hydrolysate of the polyglucosan produced by Aspergillus niger (strain 152) described by 
Barker, Bourne, and Stacey (Chem. and Ind., 1952, 755). The trisaccharide fraction 
appeared to be homogenous on chromatography by the benzylamine method (Bayly and 
Bourne, loc. cit.) but from the Rg value the presence of both a 1 : 3- and a 1: 4-link was 
inferred. JIonophoresis showed the presence of two components with mobilities similar to 
the 1: 3«- and 1: 4a-linked disaccharides. This result is further evidence in support of 
the structure of alternate 1 : 3- and 1: 4-links postulated for the polyglucosan by Bayly 
and Bourne (loc. cit.) since on partial hydrolysis such a structure would afford a mixture of 
trisaccharides linked | : 3-1: 4 and 1: 4-1: 3. 

In the case of polysaccharides containing sugars other than p-glucose, a consideration 
of the stereochemistry of the reducing moiety would no doubt facilitate a correlation of 
structure and ionophoretic migration of the di- and tri-saccharides obtained on partial 
hydrolysis. For this reason the method may be of wide potential application in 
polysaccharide structural studies. 


EXPERIMENTAL 
aratus and technique of the ionophoreses have previously been described in detail by 
Foster (Chem. and Ind., 1952, 1050). Ionophoreses were carried out on Whatman No. 3 paper, 


um borate at pH 10, under an applied potential of 900 v, which gave a final current 
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of 30—35 milliamps. The duration of ionophoreses mentioned in the paper refer to these 
conditions. Location of the reducing sugars on the ionophoretograms was achieved by the 
use of aniline hydrogen phthalate (Partridge, Nature, 1948, 164, 443). 


[he author is indebted to Professor M. Stacey, F.R.S., for his interest, and thanks 
Dr. . J. Bourne for helpful discussion. He also thanks Dr. S. A. Barker, Dr. J. Kk. N. Jones, 
Mr. R. J. Bayly, and Mr. G. T. Bruce for samples of the various derivatives studied. The work 
was made possible by a grant from the Nuffield Trust 
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206. Acylation and Allied Reactions catalysed by Strong Acids. 
Part X1I.* The Dismutation of Diphenylmethanol by Perchloric Acid. 


By H. Burton and G. W. H. CHEESEMAN. 


liphenylmethanol is converted by perchloric acid into benzophenone 
and diphenylmethane. The reaction mechanism is discussed with particular 
reference to the intermediate formation of the diphenylmethy] cation 


DURING an investigation of the reactions of the diphenylmethyl cation (Burton and 
Cheeseman, /., 1953, 832) two experimental methods were used. The cation was derived 
from diphenylmethyl perchlorate, prepared either from diphenylmethyl chloride and 
silver perchlorate, or from diphenylmethanol and 72°, perchloric acid. The latter pro- 
cedure had certain advantages for the preparation of some compounds, e.g., 2 : 4-bis- 
diphenylmethylanisole; the reactions studied were clearly not unduly influenced by the 
presence of some water. 

Diphenylmethyl perchlorate was shown to react with benzene under anhydrous con- 
ditions at room temperature for 2 hours to give 65°, of triphenylmethane. An investig- 
ation of the parallel reaction between diphenylmethanol, benzene, and 72°, perchloric 
acid has shown that only traces of triphenylmethane are formed. The reaction mixture 
was heated under reflux for 6 hours and bisdiphenylmethyl ether, benzophenone, and 
diphenylmethane were the main products. 

Balfe, Kenyon, and Thain (/., 1952, 790) have studied the action of strong acids, such 
as hydrochloric and trichloroacetic, on di-f-methoxyphenylmethanol and have isolated 
di-p-methoxyphenylmethane from their reaction products. The scheme which _ these 
authors suggested to explain their results would in the case of diphenylmethanol be as 
follows : 

\cid Ph,CH-OH 7 Ph,CH-O-CHPh, + H 

Ph,CH-OH x ~ CH OR as = Ph.Ch-O:CHPb, 

“Ph,CH, + Ph,CO + H 
H 

When bisdiphenylmethyl ether was treated with 72° perchloric acid in boiling benzene, 
it was found to undergo dismutation more readily than diphenylmethanol itself; tri- 
phenylmethane was also isolated as a by-product. It therefore seemed possible that 
dismutation of the alcohol might be occurring via the intermediate ether (cf. Kny-Jones 
and Ward, J., 1930, 535). If this is the case the above reaction sequence would have to 
be modified as follows : 

Acid Ph,CH-OH 
Ph,CH-OH —> Ph,CH —> Ph,CH-O-CHPh, + H ==> 
Ph,CH-O-CHPh, > PhCH, + Ph,CO + H 


H 


[he conversion of the ether into diphenylmethane and benzophenone probably occurs 
by weakening of one of the C—O linkings after addition of a proton to the oxygen. 


* Part X, /., 1953, 837 
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It has been reported by Hauser and Kantor (J. Amer. Chem. Soc., 1951, 73, 1437) that 
H H 


Y ’ J, 
Ph,C——O—CHPh, > Ph,CIOH + Ph,CH, 


the same dismutation * can be effected by potassium amide. In this case the mechanism 
of the reaction is clearly equivalent to the well-known elimination reaction 
H 
i, 
C C-—-X — > C=( HX, 
and can be expressed as follows : 
H 


~\ 
C- O—X > -C=O HN 


Both these processes are analogous to base-catalysed prototropic changes whereas the 
dismutation reaction brought about by acid is equivalent to acid-catalysed prototropy. 


Keference has already been made to the reaction Ph,CH + C,H, ——> Ph,CH + H, 
occurring in the system, silver chloride-diphenylmethyl perchlorate-benzene. The 
isolation of triphenylmethane from the above experiments with diphenylmethanol and 
bisdiphenylmethyl ether is therefore additional evidence that the intermediate formation 
of diphenylmethyl cations does take place. This reaction must proceed relatively slowly 
as only small amounts of triphenylmethane were isolated; the presence of water in the 
system must also be of paramount importance since it would favour the production of 


the Ph,CH-OH, ion. When a solution of the bis-ether in anisole was treated with 72°, 
perchloric acid at 100° for 4 hours, ~-methoxytriphenylmethane and 2 : 4-bisdiphenyl- 
methylanisole were the only products obtained (cf. Part IX). This result was not un- 
expected in view of the increased ease of substitution of the anisole nucleus compared with 
that of benzene, and the large excess of anisole present. 

3isdiphenylmethyl ether was recovered unchanged after 6 hours’ refluxing with formic 
acid (0-5 mol.) in benzene. The bis-ether was partly converted into diphenylmethyl 
trichloroacetate when treated with trichloroacetic acid (0-5 mol.) in boiling benzene for 
6 hours, but with 2-5 mol. of the acid under similar conditions the yield of ester was almost 
quantitative. No trace of a ketonic product could be detected. Bisdi-p-methoxyphenyl- 
methyl ether, however, undergoes partial dismutation when treated with trichloroacetic 
acid (0-35 mol.) in benzene at 40° for 6 hours. The ester was also obtained in 65°, yield 
from diphenylmethanol and trichloroacetic acid (1-2 mol.) in boiling benzene for 6 hours. 

Balfe et a/. (loc. cit.) also investigated the action of strong acids on a series of substituted 
diphenylmethanols. From their results, and the earlier failure of Kny-Jones and Ward 
(/oc. cit.) to effect the dismutation of diphenylmethanol with dilute acids or 0-05N-hydro 
chloric acid, they postulate that only those alcohols, in which mesomeric effects operate 
to increase the electron density at the secondary carbon atoms of the intermediate 


R,CH-O-CHR, ions, are able to undergo dismutation. As diphenylmethanol does undergo 
H 
dismutation in the presence of perchloric acid this view must now be modified, but clearly 
the occurrence of such mesomeric effects facilitates the dismutation process 
On the basis of the second reaction sequence, the failure of earlier attempts to effect 
the dismutation of diphenylmethanol and bisdiphenylmethyl ether must be due to the use 


of an insufficiently strong acid to form the intermediate PhyCH-O-CH Ph, ion. 
H 
When a solution of diphenylmethanol in nitromethane was treated at room temperature 
with a little 72°, perchloric acid, bisdiphenylmethyl ether crystallised from the reaction 
mixture in 95°, yield. The bis-ether was also similarly obtained in 78°, yield in acetic 
acid as solvent. The formation of the bis-ether in these experiments is clearly facilitated 


* The reaction mixture was treated with carbon dioxide and diphenylacetic acid isolated 


98S 


by the relative insolubility of this compound in the reaction media. 
clearly th 


The 1 
self perpe 


Disn 


methanol 


it the following reactions are taking place : 


Ph,CH-OH + H Ph,CH-OH, === Ph,CH + H,O 


PhCH (or Ph,CH-OH,) + Ph,CH*-OH —> Ph,CH-O-CHPh, 


‘tuating. 
EXPERIMENTAL 
A mixture of 72°% 


ttation of Diphenvlmethanol perchlori 


18-4 ¢., 0-1 mol 


acid 
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Part XI. 


These results indicate 


H (or H,O) 


egeneration of the hydrogen (or hydroxonium) ion ensures that the reactions are 


0:5C.c.), dipheny] 
_and benzene (50 c.c.) was heated under reflux for 5 hours and then 


poured into water; the benzene layer was separated, washed free from acid, and dried (Na,SO,). 


rhe resid 
deposited 


filtered off. 


ue after removal of solvent was dissolved in ethanol (50 c.c.) ; 
(5-0 g.), m. p. (mainly) 104 


prisms of bisdiphenylmethy] ether 


on cooling, 
LOT™, 
The filtrate was heated under reflux with potassium hydroxide (10 


oa 
5- 


the solution 
which were 
in 10 c.c. 


of water) and hydroxylamine hydrochloride (6 g. in 6 c.c. of water) for 2 hours, then poured 


into wate 


r, and extracted with light petroleum (2 x 30 c.c.). 


The petroleum extracts were 


washed with alkali, and the combined aqueous layers made slightly acid by the addition of 


dilute sul 


phuric acid. 


The benzophenone oxime which separated from the acidified solution 


was filtered off, freed from inorganic contaminants by trituration with water, and dried (yield 


1-4 9 m 
phenone 


(m. p. ane 


p. 141—-142-5°). It was hydrolysed by boiling sulphuric acid (30°, 
(m. p. 49—50°), which was further identified as its 2: 
1 mixed m. p. 236—238°). 


w/v) to benzo- 
4-dinitrophenylhydrazone 
The dried petroleum extract was evaporated in a vacuum 


and the residue distilled through a short Vigreux column, giving fractions (i) diphenylmethane, 


b. p. 96 


100°/3 mm. (3-6 g.), and (ii) b. p. 166 


170°/2°8 mm. (1:1 g.). 


The syrupy residue 


from the distillation slowly crystallised from ethanol, yielding impure bisdiphenylmethy] 


ether. 


was characterised as the tetranitro-derivative, m. p. and mixed m. p. 


The diphenylmethane rapidly crystallised on cooling in needles (m. p. 24 
-172°. 


171 


25°), and 
Fraction 


(ii) was separated into bisdiphenylmethyl ether (m. p. and mixed m. p. 109—110°) and tri- 


phenylmethane (m. p. 91-5 


light petre 


93°; mixed m. p. 92 


yleum. 


depressed when mixed with a pure specimen), from the reaction products. 


Dismu 


ether (17-5 


poured int 


Che residue after removal of solvent was dissolved in ethanol (50 c.c.), 
A small quantity of dark oil separated ; 


and seede 


=9)0/ 
imo 


tation of Bisdiphenylmethyl Ethery.—A mixture of 
g., 


oO water. 


d with starting material 


94-5°) by fractional crystallisation from 
The presence of triphenylmethane in this fraction was confirmed by oxidation 
with hot nitric acid (d 1-33) and the isolation of triphenylmethanol, m. p. 158-5—160 


(un- 


perchloric acid (0:5 c.c.), the 
0-05 mole), and benzene (50 c.c.) was heated under reflux for 5 hours and then 
The organic layer was separated, washed free from acid, and dried (Na,SO,) 


and the solution cooled 


the alcoholic 


mother-liquor was decanted and treated with potassium hydroxide (10 g. in 10 c.c. of water 
and hydroxylamine hydrochloride (6 g. in 6 c.c. of water) as described for the previous experi- 


ment 
diphenyln 
sisting ma 

Decom; 


\n identical isolation procedure yielded benzophenone oxime (6-7 g 
101°/3 mm.), and a higher-boiling fraction (1-2 g.) 
There was a resinous residue (4:0 ¢.) from the distillation 


ethane (4:0 g.; b. p. 98 
inly of triphenylmethane 
position of Bisdiphenylmethyl Ether by Perchloric Acid 


in 


Anisole.—A 


m. p. 


139-141 


con 


mixture of 


72% perchloric acid (0-3 c.c.), the ether (10-5 g., 0-03 mole), and anisole (25 c.c.) was kept at 100 


for 4 hours and then poured into water. 


the extrac 


anisole through a short Vigreux column, the residue was distilled in nitrogen at 3 mm. 
rapidly solidified to give colourless crystals of 
Successive crystallisations from light petroleum and ethanol 
m. p. 66—67°, undepressed on admixture with an authentic 


distillate ( 


p-methoxytriphenylmethane. 


gave the 
specimen) 
reagent. 

vielded 2 


from light 


Dibhenvil 


acti 1 


0-05 mole 


1 4) 


poured into water, and the organic layer washed free from acid and dried (Na,SQ,). 
oil left after evaporation of the solvent gradually crystallised, to give impure diphenylmethy1 


t washed free from acid and dried (Na,SQ,). 
13-5 g.), obtained by heating to 300°, 


pure ether (10-1 g 


[he mother-liquor from these crystallisations gave no reaction with 
(2-2 g.) solidified on trituration with light petroleum. 


Che residue in the flask g 
: 4-bisdiphenylmethylanisole (m. p. and mixed m. p. 147 
petroleum (b. p. 80—109°). 


thyl Trichloroacetate. 


cneth 


in benzene. 
in benzene (20 c.c.) was heated under reflux for 6 hours. 


The organic material was extracted with ether and 
After removal of solvent and excess of 


The 


3rady’s 
It 


148°) on crystallisation 


-(a) Decomposition of bisdiphenylmethyl ether by trichloro- 
A solution of the ether (7-0 g., 0-02 mole) and trichloroacetic acid (8-2 g., 


The mixture was then 


The 
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trichloroacetate (12-8 g., 97%), m. p. 46—51°, which after two crystallisations from light 
petroleum (b. p. 40—60°; 3 parts) formed large colourless prisms, m. p. 53-—-54° (Found: Cl, 
32-8. Calc. for C,;H,,0,Cl,: Cl, 32-3%). Hardegger et al. (Helv. Chim. Acta, 1948, 31, 438) 
give m. p. 47—48 Che ester was converted into diphenylmethanol (m. p. and mixed m. p. 
67—68°) by boiling 0-5N-alcoholic potassium hydroxide. 

(b) A solution of diphenylmethanol (9-2 g., 0-05 mole) and trichloroacetic acid (9-8 g., 


0-06 mole) in benzene (25 c.c.) was retluxed for 6 hours. The mixture was then poured into 
water, and the organic layer washed free from acid and dried (Na,SO,). After removal of 


solvent in a vacuum, the residue was distilled and one main fraction, b. p. 180—183°/4 mm 
10-8 g.), collected. This rapidly solidified, and crystallisation from light petroleum (b. p 


40—60°; 25c.c.) gave diphenylmethyl trichloroacetate (7-3 g.; m. p. 53——54°) as large colourless 


prisms 

Bisdiphenylmethyl Ethe (a) 72°, Perchloric acid (0:5 ec. was added to a solution of 
diphenyl methanol (55-2 g., 0-3 mole) in nitromethane (75 c. Colourless prisms of the ether 
(50 g., 95°), m. p. 108—110°, soon crystallised; these were collected after 18 hours. 

(b) 72°, Perchloric acid (2 drops) was added to a solution of diphenylmethanol (2 g.) in 
acetic acid (5 c.c.). The reaction mixture soon began to deposit colourless prisms of the ether 


and an emerald-green colour developed in the solution. After 3 days at room temperature 
the ether (1:15 g.), m. p. 108-—-109°, was filtered off; a further crop (0°33 g.; same m., p.) 
separated slowly from the mother-liquor. The total yield was 78°4. A somewhat poorer 
yield was obtained when an equivalent amount of concentrated sulphuric acid was used instead 
of perchloric acid 

We thank Imperial Chemical Industries Limited for a grant towards the cost of this 
investigation 
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207. The Action of Acidic Reagents on Ethylene Oxide Anhydro-sugars. 
Part II.* The Action of Hydrochloric Acid on Methyl 2: 3-Anhydro- 
4 : 6-O-benzylidene-«-D-mannoside.+ 
By F. H. NewtHu and (in part) R. F. HoMEr. 
The chief product from the reaction of methyl 2: 3-anhydro-O-4 : 6- 


benzylidene-«-b-mannoside with hydrochloric acid is methyl 3-chloro-3- 
deoxy-«-b-altroside. 


In Part I the constitutions of the products of fission of the epoxide ring in methyl 2 : 3- 
anhydro-x-p-alloside with hydrochloric and hydrobromic acids were established. Methyl 
2-deoxy-2-halogeno-x-b-altroside and methyl 3-deoxy-3-halogeno-«-p-glucoside were 
formed by substitution with inversion at positions 2 and 3 respectively with the latter 
predominating. The present work deals with the course of the reaction of methyl 2: 3- 
anhydro-x-p-mannoside with hydrochloric acid; by analogy with the previous reaction 
the expected products would be methyl 2-chloro-2-deoxy-«-b-glucoside and methyl 
3-chloro-3-deoxy-x-p-altroside. When methyl 2 : 3-anhydro-4 : 6-O-benzylidene-«-D-man- 
noside (I) was treated with hydrochloric acid in acetone solution the benzylidene residue 
was removed and the resulting product was a syrup. The consumption of periodate by 
this syrup was 0-08 mol. showing that 92°, of the product was methyl 3-chloro-3-deoxy-z- 
p-altroside (II) and the remainder methyl 2-chloro-2-deoxy-«-D-glucoside (III) since, of 
these two isomers, only (III) contains an oxidisable | : 2-glycol system. When this work 
was almost complete, Mukherjee and Srivastava (Proc. Indian Acad. Sct., 1952, 35, 178) 
described the examination of the same reaction mixture with periodate and recorded an 
oxidant uptake of 0-56 mol., which would indicate the predominance of (III). This result 
is questionable since in the present work crystalline methyl 2: 4 : 6-tri-O-acetyl-3-chloro- 
3-deoxy-x-D-altroside (IV) was isolated in 72°% yield from the syrup. The Indian workers 
also found the ratio of altrose to glucose in the reaction product from the fission of methyl 
2 : 3-anhydro-4 : 6-O-benzylidene-x-D-alloside with hydrochloric acid to be 1:3, which 


* Part I, J., 1947, 10 + For details of the carbohydrate nomenclature used see ]., 1952, 5108. 
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agrees with the results obtained by Newth, Overend, and Wiggins (Part I). By the same 
reaction they confirmed the structures already assigned to the two methyl chlorodeoxy- 
hexosides and this showed that periodate consumption could be used safely to evaluate 
the composition of such reaction mixtures. 

rhe evidence for assigning the altrose configuration to the crystalline triacetate (IV) 
may now be considered. Deacetylation of (IV) gave a methyl chlorodeoxy-«-D-hexoside 
which did not crystallise, consumed only 0-06 mol. of periodate, and did not react with lead 
tetra-acetate, thus indicating the absence of a 1 : 2-glycol. The benzylidene derivative (V) 
also failed to crystallise, but when treated with a solution of sodium methoxide it gave 
methyl 2: 3-anhydro-4 : 6-O-benzylidene-z-p-mannoside (I). The chlorine atom must 
therefore be frans to the vicinal hydroxyl group and situated at C,,) since such a structure, 


o- CH. CH,OR CH,"OH 
H re es H oO. H H Oo H 
H H H 
O H = RO OH H 
PhCH-O [P| OMe RO Fo | (OMe HO ~~ | OMe 
H H Cl H H Cl 
(1) (Ii; R H) (III) 
(IV; R Ac) 
O CH, CH oO 
H 0) H H ) 
\ wy 
1 mf AcO 
(V: R H) PhCH:-O ™™ OMe AcO To) oi 
(VI; R \c) Cl H Cl H (VIT) 


methyl 3-chloro-3-deoxy-a-b-altroside (II), would not react with glycol-splitting reagents. 
Whereas the uptake of 0-06 mol. of periodate may be neglected in the diagnosis of structure, 
it should be taken into account in the estimation of the composition of the initial product ; 
this therefore probably contains 98°, of the altrose isomer. The syrupy benzylidene 
derivative provided a crystalline acetate with physical constants the same as those given 
by Mukherjee and Srivastava (/oc. cit.) for their methyl monoacetyl-4 : 6-O-benzylidene 
chlorodeoxy-«-D-hexoside, which may now be described as methyl 2-O-acetyl-4 : 6-O- 
benzylidene-3-chloro-3-deoxy-x-D-altroside (VI). 

When methyl 3-chloro-3-deoxy-«-D-altroside or its triacetate was boiled with methanolic 
hydrogen chloride crystalline methyl 3-chloro-3-deoxy-2-p-altroside (m. p. 129°; («|p 

112°) was obtained. Its physical constants clearly show it to be different from methy] 
2-chloro-2-deoxy-8-D-glucoside (m. p. 159—164°; [«)p —12°) (Fischer, Bergmann, and 
Schotte, Ber., 1920, 58, 509), the other isomer which could arise from the fission products 
of the anhydro-sugar by inversion of the glycosidic group. Furthermore, vigorous 
hydrolysis of the methyl tri-O-acetylchlorodeoxy-z-p-altroside with acid led to the 
formation of a non-reducing anhydro-compound isolated as the diacetate, 2 : 4-di-O- 
acetyl-1 : 6-anhydro-3-chloro-3-deoxy-8-D-altrose (VII). The formation of 1 : 6-anhydro- 
derivatives in the presence of aqueous acid is characteristic of altrose derivatives and the 
strong levorotation (/x]p —202°) is in accordance with that of related compounds (Newth 
and Wiggins, /., 1950, 1734, and Part I). 

Mukherjee and Srivastava (loc. cit.) showed that the rule put forward by Newth, 
Overend, and Wiggins (Part I) governing the action of alkaline and acidic reagents and 
hydrogen on 2: 3-anhydro-rings was not generally applicable. This stated that if the 
epoxide bridge lies above the plane of the sugar ring, then with alkaline reagents it is the 
C-O bond farther from the glycosidic group which suffers most extensive fission, and the 
nearer C-O bond if the epoxide bridge is below the sugar ring. With acidic reagents 
methyl 2 : 3-anhydro-«-p-alloside showed a reversal of the proportion of isomers produced 
but this did not occur with dibenzyl hydrogen phosphate (Harvey, Michalski, and Todd, 
].,1951, 2271). The present investigation has revealed a further departure from the rule 
in that methyl 2: 3-anhydro-a-p-mannoside with hydrochloric acid follows the same 
course as its alkaline fission with sodium methoxide (Robertson and Griffith, /., 1985, 1193) 
and ammonia (Wiggins, /J., 1947, 18). 
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Added in Proof.—Mr. J. A. Mills, to whom our thanks are due, has suggested that the 
rule that steroid epoxides break to give a product having the two groups in polar positions 
(Fiirst and Plattner, 12th Int. Congr. Pure and Applied Chem., 1951, Abstracts, p. 409) 
may also be applied to epoxides in sugar derivatives which have the conformation stabilised 
by a 1 : 6-anhydro-ring or a 4: 6-O-benzylidene group (Reeves, Adv. Carbohydrate Chem., 
1951, 6, 107; Angyal and Mills, Rev. Pure Appl. Chem., 1952, 2, 185). The behaviour, for 
example, of 1: 6-2: 3- and 1: 6-3: 4-dianhydro-$-talose with ammonia (James, Smith, 
Stacey, and Wiggins, /., 1946, 625), and the predominance of methyl 4 : 6-O-benzylidene- 
D-altroside derivatives from both methyl 2: 3-anhydro-4 : 6-O-benzylidene-«-D-alloside 
and (I) support this. If, however, the anhydro-sugar lacks the stabilising group, or this is 
removed during reaction with acidic reagents, the steric course of ring opening is not so 
easily predicted. In the reaction of methyl 2 : 3-anhydro-4 : 6-O-benzylidene-x-D-alloside 
with dibenzyl hydrogen phosphate in carbon tetrachloride (Harvey, Michalski, and Todd, 
loc. cit.) the benzylidene group is retained and the altrose isomer predominates. This 
argument will be discussed in detail elsewhere. 


EXPERIMENTAI 


Treatment of Methyl 2: 3-Anhydro-4 : 6-O-benzylidene-x-p-mannoside with Hydrochloric Acid 
The sugar (9 g.) was dissolved in acetone (1 1.) containing hydrochloric acid (27 ml.; 2N), and 
the solution boiled under reflux for 4 hours. The excess of acid was neutralised with lead 
carbonate, and the inorganic residue filtered off and washed with aqueous acetone. After 
evaporation of the acetone from the combined filtrate and washings and removal of benzaldehyde 
by ether-extraction, the aqueous solution was evaporated to dryness under reduced pressure 
The residue was extracted with hot ethyl acetate, evaporation of which gave a clear syrup 


7-7.¢.); (alt? +51-4° (c, 0-89in H,O). When this syrup was treated with sodium metaperiodate 
in the standard manner the consumption of oxidant was 0-08 mol 
Methyl 2:4: 6-Tri-O-acetyl-3-chloro-3-deoxy-a-p-altroside.—The syrup (4:5 g.) obtained 


above was dissolved in pyridine (50 ml.), acetic anhydride (25 ml.) added to the cold solution, 
and the mixture kept for 36 hours. The mixture was then evaporated to half the volume under 
reduced pressure and on its being poured into water an oil separated which crystallised rapidly. 
Recrystallised from alcohol the triacetate had m. p. 98—99°, [a]? +.70-°3° (c, 1-61 in CHCI,) 
Found : C, 46-3; H, 5-6; Cl, 10-0; OMe, 9-6. C,,H,,0,Cl requires C, 46-2; H, 5-6; Cl, 10-4; 
OMe, 9-294). The total yield of triacetate was 5-2 g. (7294). No other product could be isolated. 
Methyl 3-Chloro-3-deoxy-x-p-altroside.—_Methy! 2 : 4: 6-tri-O-acetyl-3-chloro-3-deoxy-x-b 
altroside (0-5 g.) was dissolved in dry methanol (15 ml.),and sodium methoxide solution (1 ml. ; 0-1N) 


added \fter being kept overnight the solution was evaporated and the residual syrup extracted 
with ethyl acetate. Evaporation of the solvent gave a hygroscopic syrup (0-32 g.), having 
a2) +-103-5° (c, 1:01 in EtOH) (Found: C, 39-6; H, 6-6; OMe, 13-7. C,H,,0,Cl requires C, 
39-6: H, 6-1; OMe, 14-6%). It did not react with lead tetra-acetate in glacial acetic acid 


solution and consumed 0-06 mol. of periodate 

Condensation of Methyl 3-Chloro-3-deoxy-a-p-altroside with Benzaldehvde.—The compound 
0-57 g.) obtained as above was shaken overnight with freshly distilled benzaldehyde (5 ml.) 
and zinc chloride (0-5 g.).. The mixture was neutralised with aqueous sodium carbonate and 
evaporated under reduced pressure. Steam distillation under reduced pressure was then 
continued until no more benzaldehyde remained. The dry residue was extracted with 
chloroform and on evaporation of the solvent the benzylidene derivative was obtained as a 
syrup (0-6 g.), which showed [a] + 95-7° (c, 6-07 in CHCI;) 

Acetylation of the syrup (0-1 g.) with acetic anhydride in pyridine gave methyl 2-O-acety]- 
$ : 6-O-benzylidene-3-chloro-3-deoxy-z-p-altroside which, after recrystallisation from alcohol, 
had m. p. 126°, [a/f +90-0° (c, 1-89 in CHCI,) (Found: C, 56-3; H, 5-6. Calc. for C,,H,,O0,CI : 
C, 66-1; HH, 5:8% Mukherjee and Srivastava (/oc. cit.) give m. p. 126°, [#7 +-96-6° in CHC], 

Formation of Methyl 2: 3-Anhydro-4 : 6-O-benzylidene-x-b-mannoside.—A solution of the 
syrupy benzylidene derivative (0-5 g.) in chloroform (10 ml.) was treated with sodium methoxide 
solution (25 ml.; 0-1N) for 24 hours at 20° and then 2 hours at 60°. The excess of alkali was 
neutralised (CO,) and the solution evaporated to dryness. The residue was extracted with 
chloroform and evaporation of the solvent afforded methyl 2: 3-anhydro-4 : 6-O-benzylidene- 
a-D-mannoside (0-4 g.) which, recrystallised from alcohol, had m. p. and mixed m. p. 145—146”. 

Treatment of Methyl 2:4: 6-Tri-O-acetyl-3-chlorvo-3-deoxy-a-D-altroside with Methanoli« 


Hydrogen Chloride.—The compound (1-0 g.) was dissolved in dry methanol (25-7 ml.) containing 
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hydrogen chloride (0-24 g.), and the solution boiled under reflux ; xp, initially + 1-49° (0-5 dm.), 
reached the constant value —0-05° in 5 hours. The acid was neutralised (Ag,CO;) and the 
solvent evaporated giving a syrup (0-62 g.), which crystallised when triturated with ethyl 
acetate. Methyl 3-chlovo-3-deoxy-8-pb-altroside was recrystallised from ethyl acetate and then 
had m. p. 128—129°, [«]# —111-8° (c, 0-33 in EtOH) (Found: C, 40-1; H, 6-2. C,H,3;0;Cl 
requires C, 39-6; H, 6-1%). The residual syrup provided more crystalline material on re-treat- 
ment with methanolic hydrogen chloride. The same compound was obtained from methyl 
3-chloro-3-deoxy-x-b-altroside. 

Treatment of Methyl 2: 4: 6-Tri-O-acetyl-3-chloro-3-deoxy-a-v-altroside with Hydrochlori 
1cid.—The « ompound (0-97 g.) was added to hydrochloric acid (25 ml.; 5N), and the mixture 
boiled under reflux for 2 hours after solution was complete. The acid was neutralised (Ag,CO,) 
and soluble silver salts precipitated with hydrogen sulphide. The aqueous solution was 
evaporated under reduced pressure and the residual syrup (0-46 g.) which reduced Fehling’s 
solution only very slightly was treated with acetic anhydride in pyridine for 2 days 
2: 4-Di-O-acetyl-1 : 6-anhydro-3-chloro-3-deoxy-$-D-altrose (0-18 g.) was formed which when 
recrystallised from alcohol had m. p. 114—115°, [a]? —202° (c, 0-91 in CHCl,) (Found: C, 45-9; 
H, 4:7. C,9H,,0,Cl requires C, 45-4; H, 4-994). Concentration of the mother liquors gave a 


band 


yrup (0-16 g.) showing [a]? —77-7° (c, 0-81 in EtOH) which did not crystallise. 
We thank Dr. L. F. Wiggins for his interest in this work. 
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208. The Action of Acidic Reagents on Ethylene Oxide Anhydro- 
sugars. Part I11.* Methyl 3:4-Anhydro-«-p-galactoside.t 
By V. Y. LABATON and F. H. NEwru. 


The reaction of methyl 2-O-acetyl-3 : 4-anhydro-6-O-trityl-«-p-galactos- 
ide with hydrogen chloride in acetone has been re-examined (Oldham and 
Robertson, J., 1935, 685). The presence of galactose in the product is con- 
firmed and a mechanism proposed which accounts for the formation of 
methyl 3 :; 4-O-isopropylidene-«-p-galactoside and methyl 4: 6-O-isopropyl- 
idene-«-b-guloside. With aqueous hydrochloric acid the products are 
methyl 3-chloro-3-deoxy-z-p-guloside and methy] 4-chloro-4-deoxy--p-glucos- 
ide. The alcoholysis of a carbohydrate trityl ether has been observed. 


SUGAR epoxides undergo fission with alkaline and acidic reagents to form two isomers in 
which the configuration is frans, inversion having occurred at the point of substitution 
(Peat, Adv. Carbohydrate Chem., 1948, 2,38; Newth, Overend, and Wiggins, J., 1947, 10; 
Mukherjee and Srivastava, Proc. Indian Acad. Sci., 1952, 35, 178). There is one example 
however in which this general rule would appear to be contradicted. Oldham and Robert- 
son (J., 1935, 685) claimed to have isolated a derivative of galactose from the reaction of 
methyl 2-O-acetyl-3 : 4-anhydro-6-O-trityl-«-p-galactoside (I) with hydrogen chloride in 
acetone. Miiller (Ber., 1935, 68, 1094) showed that the products of hydrolysis of methyl 
3: 4-anhydro-$-p-galactoside with sulphuric acid were gulose and glucose. In view of 
this and also the absence of sugar chlorohydrins in Oldham and Robertson’s reaction 
product the reaction of (I) with hydrogen chloride was investigated. 

The anhydro-compound was prepared from methyl 2 : 3-O-dibenzoyl-4-O-tosyl-6-0- 
trityl-x-p-glucoside (II) by treatment with warm sodium hydroxide in aqueous acetone 
(Oldham and Robertson, Joc. c7t.) or sodium methoxide solution in chloroform. The 
latter was preferred since the reaction is milder and less likely to cause fission of the epoxide 
ring. The product wasa syrup which neither crystallised nor gave a crystalline derivative. 
Methyl 2-O-acetyl-3 : 4-anhydro-6-O-trityl-x-p-galactoside was treated with acetone con- 
taining hydrogen chloride in the manner described by Oldham and Robertson and, after 
removal of triphenylmethanol, a portion of the reaction mixture was deacetylated and 


* Part II, preceding paper. + For details of the carbohydrate nomenclature used see J., 1952, 5108. 
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hydrolysed. Examination of the product by paper partition chromatography demon- 
trated the presence of galactose and gulose but glucose was absent. From the remainder 
of the mixture methyl 2-acetyl-O-:sopropylidene-x-p-guloside and methyl 2-acetyl-O- 
tsopropylidene-x-b-galactoside were isolated. These had the same physical constants 
as those given by the earlier workers, who established the identity of the sugar components 
but provided no evidence for the constitution of the tsopropylidene derivatives. The 
methyl O-:sopropylidene-z-D-galactoside which they obtained by deacetylation is obviously 
methyl 3: 4-O-rsopropylidene-«-pb-galactoside (III), previously formed by condensing 
methyl a-p-galactoside with acetone (Ault, Haworth, and Hirst, /., 1935, 1012; Wiggins, 
J., 1944, 522). The gulose derivative was shown to be methyl 2-O-acetyl-4 : 6-O-iso- 
propylidene-x-b-guloside (LV) by the formation of the toluene-p-sulphonate (V) and heating 
this with sodium iodide in acetone. No exchange of anions had occurred after 30 hours 
at 110°, a clear indication that the toluene-f-sulphonyl group is not attached to a primary 
hydroxyl. It must be at Cg) with the tsopropylidene group at C,,, and Cig) since a 3 : 6- 
derivative would be sterically impossible in the gulose series. 

When methyl 8 : 4-anhydro-6-0-trityl-x-p-galactoside was treated with hydrochloric 
acid in acetone, the trityl group was eliminated and a mixture of chlorohydrins obtained. 
lhe two expected isomers would be methyl 3-chloro-3-deoxy-x-p-guloside (VI) and methyl 
-chloro-4-deoxy-x-b-glucoside (VII). The syrupy product consumed 0-4 mol. of lead 
tetra-acetate, indicating the presence of 40°% of the oxidizable glucose isomer. The syrup 
was condensed with benzaldehyde, whereupon a crystalline benzylidene derivative was 
formed and the remaining methyl chlorodeoxy-«-D-hexoside crystallised (m. p. 113—114°; 
xp -+-138°). It was expected that it would be the gulose isomer which would condense 
with benzaldehyde at positions 4 and 6 rather than the glucose isomer in which position 4 
is not available, but when the benzylidene derivative was hydrolysed the product (m. p. 
124 126°; [x)p +S84°) reacted with one mol. of periodate. This isomer therefore must be 
methyl 4-chloro-4-deoxy-«-p-glucoside (VII) and the benzylidene derivative the 3 : 6-com- 
pound (VIII). The fraction (m. p. 113—114°) which did not condense with benzaldehyde 
Was not susceptible to periodate oxidation and must be methyl 3-chloro-3-deoxy-«-D- 
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guloside (VI). Both (VI) and (VII) with sodium methoxide gave the same halogen-free 


product, presumably methyl 3 : 4-anhydro-z-p-galactoside, showing that each isomer has 
the trans-configuration at positions 3 and 4. 

The reaction of the anhydro-sugar with aqueous hydrochloric acid needs no further 
comment; it follows the normal course of epoxide fission resulting in the formation of the 
two isomeric methyl chlorodeoxyhexosides. With hydrogen chloride in acetone however 
no chlorohydrins are produced and the chief products are the :sopropylidene derivatives of 
methyl «-p-guloside and methyl «-p-galactoside. The acid-catalysed formation of cyclic 
acetals and ketals from alkylene oxides and aldehydes and ketones has been described 
(Bogert and Roblin, /. Amer. Chem. Soc., 1933, 55, 3741; Petrov, J. Gen. Chem., U.S.S.R., 
1941, 10, 981), and the same reaction would account for the production of the tsopropyl- 
idene derivatives but with stereochemical consequences which are not apparent in the case 
3T 
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of the alkylene oxides. The formation of methyl 3 : 4-O-isopropylidene-2-p-galactoside 
may be represented by the following sequence : 


Me, Me, Me, 
HO-C Cc. ( 
Me,C OH P o 
O ‘ (4) b+) : OH 0D : O () H 
—> —_> es 
HH H H H H H H H 


rhe formation of the 4: 6-O-isopropylidenegulose derivative (IV) can be explained by 
fission of the cyclic intermediate at (6) followed by ring closure at Cig) to give the dioxan 
with simultaneous nucleophilic trans attack at Cy, by H,O. The formation of a 
2: 2-dimethyl-l : 3-dioxan ring as in (IV) is unusual and its preponderance over the 
galactose isomer is probably accounted for by the more positive nature of Cj) owing to 
the neighbouring Cy-acetyl. The absence of glucose among the reaction products is 
significant and is possibly due to the fact that an zsopropylidene residue cannot be accom- 
modated in the methyl «-p-glucopyranoside molecule. This reaction merits further 
investigation and possibly provides a general route to cts-glycols from epoxides. 

During recrystallisation of methyl 2 : 3-O-dibenzoyl-4-O-tosyl-6-O-trityl-«-p-glucoside 
(II) from alcohol, in which the compound is only sparingly soluble, it was found that 
considerable alcoholysis of the trityl group apparently occurred and in addition to (II), 
ethyl triphenylmethyl ether and methyl 2 : 3-O-dibenzoyl-4-O-tosyl-«-p-glucoside (IX) 
were obtained. The latter compound, identical with that described by Bell (/., 1934, 
1177), was converted into the 4 : 6-di-O-toluene-p-sulphonate (X) also described by that 
author, and with triphenylmethyl chloride (II) could be regained. That the alcoholysis 
was not fortuitous was shown by boiling (II) with highly purified ethanol and after 19 
hours, 80°, of the trityl group had been removed. As far as the authors are aware this is 
the first example of the cleavage of a carbohydrate trityl ether by alcohol alone. 


EXPERIMENTAL 

Methyl 2: 3-O-Dibenzoyl-4-O-tosyl-6-O-trityl-x-D-glucoside.—This compound was prepared 
from methyl 2 : 3-di-O-benzoyl-x-p-glucoside (29 g.) (Mathers and Robertson, /., 1933, 1097) 
by Oldham and Robertson’s method (loc. cit.). Recrystallised from alcohol the glycoside 
(16 g.) had m. p. 163—164°, [a]? +66-3° (c, 2-13 in CHCl,) (Found: C, 70-7; H, 5-6; S, 3-9 
Calc. for C,,H,,0,95: C, 70-7; H, 5:3; S, 4:0%). 

Evaporation of the mother liquors provided methyl 2 : 3-di-O-benzoyl-4-O-tosyl-x-p- 
glucoside, m. p. 179°, [aj}® +.97-5° (c, 4:70 in CHCl,) (Found: C, 60-3; H, 5-0; S, 6-1. Calc. 
for CygH,,O195: C, 60-4; H, 5-0; S, 5:8%) {Bell (loc. cit.) gives m. p. 179—180°, [x], + 106-3° 
(in CHC],)$. Treatment of this compound with trityl chloride in pyridine afforded the above 
derivative and with toluene-p-sulphonyl chloride there was formed methyl 2 : 3-di-O-benzoyl- 
4 : 6-di-O-tosyl-x-p-glucoside, m. p. 185-—136°, [a]}§ + 102° (c, 1-76 in CHCl,) (Found: C, 59-1; 
H, 4-4; S, 8-9. Calc. for C,,H,,0,,S,: C, 59:1; H, 4:8; S, 90%) {Bell (doc. cit.) gives m. p 
122-—124°, [x)) +94-6° (in CHCI,)}. Further concentration of the alcoholic mother liquors 
gave ethyl triphenylmethy] ether, m. p. 83° (Gomberg, Ber., 1902, 35, 1834, gives m. p. 82—83°) 
(Found: C, 87-2; H, 6-4. Calc. for C,,H.».O: C, 87-5; H, 6-9%). 

Alcoholysis of Methyl 2: 3-Di-O-benzoyl-4-O-tosyl-6-O-trityl-x-p-glucoside.—The compound 
(1:0 g.) was boiled under reflux for 19 hours with absolute ethanol [100 ml.; purified by Smith’s 
method (/., 1927, 1288) as modified by Manske (J. Amer. Chem. Soc., 1931, 58, 1106) and 
fractionated through a Fenske column]. Crystals (0-4 g.) separated as the solution cooled; they 
had m.p. 179—180° (not depressed in admixture with methy] 2 : 3-di-O-benzoyl-4-O-tosyl-x-p- 
glucoside). On concentrating the filtrate, a further 0-2 g. was obtained, m. p. 143—158’, 
apparently a mixture of starting material and 4-O-toluene-p-sulphonate. Further concentration 
yielded ethyl triphenylmethyl ether (0-3 g.), m. p. 81—83°. 

Methyl 3: 4-Anhydro-6-O-trityl-x-p-galactoside.—(a) Methyl 2: 3-di-O-benzoy]l-4-O-tosyl- 
6-O-trityl-x-p-glucoside (10-5 g.) was treated with warm 2Nn-sodium hydroxide in aqueous 
acetone as described by Oldham and Robertson (loc. cit.). The product (5-5 g.) was a sulphur- 
free yellow glass, having [a]? + 15-8° (c, 2-20 in CHCI,) (Found : OMe, 6-6. Calc. for C.gH,,0; : 
OMe, 7-4°%). (b) Methyl 2 : 3-di-O-benzoyl-4-O-tosyl-6-O-trityl-x-p-glucoside (8-5 g.) in chloro- 
form (25 ml.) was treated with methanolic sodium methoxide (30 ml.; 0-6 g. of Na) for 16 hours, 
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and the mixture was then poured into water and extracted with chloroform. The extract was 
washed with water, dried (Na,SO,), and evaporated rhe product, after removal of methyl 
benzoate, was a sulphur-free yellow glass (5-4 g.), [x) +17-0° (c, 2:67 in CHCl,) (Found: OMe, 
6-°8°.). It did not crystallise after chromatography on alumina. 

Methyl 2-O-acetyl-3 : 4-anhydro-6-O-trityl-x-p-galactoside was obtained as a syrup by 
treating the above anhydro-compound with acetic anhydride in pyridine; it had {a)}} +87 
c, 4:96 in CHC],). The 2-benzoate, 2-toluene-p-sulphonate, and 2-«%-naphthylcarbamate also 
failed to crystallise. 

Treatment of Methyl 2-O-Acetyl-3 : 4-anhydro-6-O-trityl-x-p-galactoside with Hydrogen 
Chloride in Acetone.—The glycoside (6-2 g.) was dissolved in acetone, and a solution of dry 
hydrogen chloride (1-5 g.) in acetone (20 ml.) added. After 1 hour the acid was neutralised 
(Na,CO,), and the solution filtered and concentrated. It was poured into water containing a 
little pyridine, and the precipitated triphenylmethanol (3-5 g.) removed. 

A portion of the aqueous solution was evaporated to dryness and the residue deacetylated 
in methanol with a trace of sodium. The resulting product was then boiled with 0-05n-hydro 
chloric acid for 7 hours, the acid neutralised, the inorganic ions removed by ion-exchange 
resins, and the solution concentrated. This concentrate was examined by paper partition 
chromatography [butanol-acetic acid—water; spraying reagent : benzidene—trichloroacetic acid 
(Bacon and Edelman, Biochem. J., 1951, 48, 114)].. The presence of galactose was demonstrated, 
and also of gulose by comparison with a spot obtained from sorbose by treatment with calcium 
hydroxide at 35° for 6 days (Hough, Jones, and Wadman, /., 1950, 1702). 

The remainder of the aqueous solution was extracted with chloroform, and the extract 
dried (Na,5O,) and evaporated. The residue afforded crystalline material (0-34 g.) on treat- 
ment with ether. Recrystallised from ether this had m. p. 177—179°, [a]? +-78-3° (c, 1-66 in 
CHCl,) (Found: C, 52-4; H, 7-5. Calc. for C,gH,,O,: C, 52:2; H, 7-:2%), Hae corresponds 
with the methyl monoacetyl-isopropylidene-x-p-guloside, m. p. 176-—178°, [a|p +76°8° (in 
CHCI,), isolated by Oldham and Robertson. 

After some time a second crystalline fraction (0-3 g.) was obtained, m. p. 101—102° (from 
ether), [x)7? + 122-4° (c, 0-94 in CHC],) (Found: C, 52:6; H, 7-3. Calc. for C,,H»O,: C, 52-2; 
H, 7-2%), corresponding with m. p. 101—102°, [x], -+127-3° (in CHCl,) reported by Oldham 
and Robertson for methyl monoacetyl-isopropylidene-x-p-galactoside. No further crystalline 
material could be obtained from the syrupy residue (0-72 g.) by deacetylation. 

The original aqueous solution after chloroform extraction was freed from traces of chloride 
ion, treated with hydrogen sulphide, filtered, and evaporated to dryness. The residue was 
extracted with hot acetone, and removal of the solvent provided a halogen-free syrup (0-5 g.) 
from which a small amount of crystalline material separated, m. p. 192—194°, [a|j) +90-8° 

, 0-38 in H,O) (Found: C, 44-4; H, 6:5%). 

Methyl 2-O-Acetyl-4 : 6-O-isopropylidene-3-O-tosvl-x-p-guloside.—Methyl 2-O-acetyl-4 : 6-0- 
isopropylidene-x-p-guloside (0-12 g.) was treated in pyridine solution with toluene-p-sulphony! 
chloride. 1 “il mixture was poured into water, the aqueous solution extracted with chloroform, 
and the derivative recrystallised from alcohol; it had m. p. 122—123°, fa} +52-2° (c, 0-52 in 
CHCl,) (Found: C, 53:3; H, 6-0; S, 7-5. C,)H.,,O,S requires C, 53-0; H, 6-0; S, 7°4%). 
When it was heated at 110 in acetone solution with dry sodium iodide, no sodium toluene-p- 
sulphonate had separated after 30 hours. 


Treatment of Methyl 3: 4-Anhvdro-6-O-trityl-x-p-galactoside with Hydrochioric Acid.—The 
anhydro-compound (5-3 g.) was boiled under reflux for 4 hours in acetone (400 ml.) containing 
hydrochloric acid (11 ml.; 2N). Excess of acid was neutralised (PbCO,) and the inorganic 
residue removed and washed with aqueous acetone. When the acetone was evaporated, 
triphenylmethanol (3-3 g.; m. p. 159—160°) was precipitated. The aqueous solution was 
evaporated to dryness and the residue extracted with hot ethyl acetate. Evaporation of the 


solvent gave a pale yellow syrup (2-5 g.) containing methyl chlorodeoxyhexosides. Quantit 
ative oxidation with lead tetra-acetate showed a consumption of 0-4 mol. 


Benzvlidene derivatii The syrup (2:5 g.) was shaken for 20 hours with benzaldehyde 
15 ml.) and zinc chloride 3-2 g.). Zinc chloride was removed by the addition of sodium 


carbonate and benzaldehyde removed by distillation with steam under reduced pressure. The 

turbid aqueous solution which remained was extracted with chloroform, and the extract dried 

(Na,SO,) and evaporated. Methyl 3 : 6-O-benzylidene-4-chlovo-4-deoxy-2-D-glucoside, recrystal 

lised from alcohol, had m. p. 166°, [a]? + 67-2° (c, 0-63 in CHCl,) (Found: C, 55:9; H, 5:9; 
Cl, 12-5. C,,H,,0,Cl requires C, 55-9; H, 5-7; Cl, 11-8% 

The aqueous solution after chloroform extrac ction was evaporated to dryness and the residue 

ted with acetone. The syrup obtained on evaporation of the solvent crystallised slowly 
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methyl 3-chloro-3-deoxy-a-D-guloside, recrystallised from ethyl acetate, had m. p. 113—114°, 
aj'® + 138-3° (c, 0-52 in H,O) (Found: C, 39-4; H, 6-3. C,H,,0,Cl requires C, 39:5; H, 6-1% 
It was not oxidised by sodium metaperiodate in aqueous solution 

Hydrolysis of methyl 3: 6-O-benzylidene-4-chloro-4-deoxy-x-D-glucoside. A solution of the 
compound (0-5 g.) in acetone (50 ml.) containing aqueous oxalic acid (8 ml.; 25%), was boiled 
under reflux for 9 hours, the acid was neutralised (BaCO,), and the acetone evaporated after 
removal of the inorganic precipitate. After being washed with ether and filtered from unchanged 
benzylidene derivative (0-1 g.) the aqueous solution was evaporated to dryness. The syrupy 
product (0-2 g.) slowly crystallised and was recrystallised from ethyl acetate. Methyl 4-chloro- 
4$-deoxy-x-b-glucoside had m. p. 124—126°, [a]? + 84° (c, 0-34 in H,O) (Found: C, 39-5; H, 
6-1; Cl, 16-6. C,H,,0,;Cl requires C, 39-5; H, 6-1; Cl, 16-79%). When treated with aqueous 
sodium metaperiodate, the compound consumed 1-00 mol. (22 hrs.) ;_ 1-09 mol. (46 hrs.). 

Treatment of the Methyl Chlorodeoxyhexosides with Sodium Methoxide.—Methyl 4-chloro-4- 
deoxy-«-b-glucoside and methyl] 3-chloro-3-deoxy-«-p-guloside were each treated with sodium 
methoxide (1-1 mol.) in methanol. In each case the product was a syrup which did not contain 
chlorine; {x/|7? +53-1 and 53-5° (c, 2-03; 0-50 in H,O), respectively. There was no reaction 
with trityl chloride in pyridine. 


The authors are indebted to Professor S. Peat, F.R.S., for his interest in this work, Mr. 
Kk. Belcher, The University, Birmingham, for carrying out microanalyses, and the University 
of Wales for a scholarship to one of them (V. Y. L.). 


UNIVERSITY COLLEGE OF NORTH WALES, BANGOR. Received, November 20th, 1952 
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209. The Lonization of Saturated n-Aliphatic Dicarboxylic Acids 
in Sulphuric Acid. 
By L. A. WILEs. 
THE measurement of the basicity of a series of saturated aromatic diketones in sulphuric 
acid has been described by Wiles and Baughan (/., 1953, 933). As indicated by van’t 
Hoff’s 2 factor, the early members of this series are monoacid bases (¢ = 2), whereas later 
members, in which the carbonyl groups are separated by three or more methylene groups, 
are completely ionized as diacid bases (t = 3). 

A survey of the literature suggested that the ionization of saturated n-aliphatic dicarb- 
oxylic acids in sulphuric acid might show the same effect, but the data available are for 
work done before cryoscopy in sulphuric acid as solvent was firmly established. As shown 
in the following table, the observations of different workers are not concordant and for this 
reason the ionizations of the dicarboxylic acids were re-investigated with the results shown 
in the Table. The present results vindicate Oddo and Casalino’s observations (loc. cit.). 


Acid Values of 1 Acid dissn. constants (e) 
(R CO,H) This work Previous data K, x 105 K, x 10° 
BME acs wegraceuehoer sah piew tunes 1-3 * 1-2—1-3 (a) 5800 64 
1-1 (6) 
NN sisi Resin 2-0) 1-8—1-9 (a) 149 2-0 
1-4——1-7 (c) 
Ret AM A PRR soicdsvexkessacnessous 2°5 2-2—2:-3 (a) 6-4 3:3 
2-2—2-4 (c) 
3 (d) 
R°[CH,]},°R 2-6 2-5—2-6 (a) 4-5 3:8 
PRSASE Re PTR: ccinenecsnas.cceiene 2-6 2-5—2:-7 (a) 3-0 4-0 
oS RO: ° Se a 2-6 2-6—2-7 (a) 2-8 + 
* Increases with time. + Data unreliable 


(a) Oddo and Casalino, Gazzetta, 1917, 47, 200. (b) Hantzsch, Z. phvsikal. Chem., 1908, 65, 41 

(c) Idem, ibid., 1907, 61, 257. (d) Hammett, ‘“ Physical Organic Chemistry,’’ New York, 1940, p. 
47. (e) From Dyson, ‘‘ A Manual of Organic Chemistry,” Vol. 1, p. 533, Longmans, 1950. 

Oxalic acid is largely un-ionised in sulphuric acid (precise measurement of # is not possible 

since oxalic acid is decomposed by sulphuric acid; the remaining acids of the series are 
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completely stable). This lack of ionization is not unexpected since oxalic acid is a relatively 
strong acid, particularly at the first dissociation stage. Moreover, the addition of a single 
proton would not form a stable hydrogen-bonded ring as it would only contain five members. 
Malonic acid, a much weaker acid than oxalic acid, adds a single proton, and there is the 
possibility of forming a six-membered ring. Succinic acid, and higher acids of the series, 
are only partly ionized as diacid bases (¢ = ca. 2-6). These acids are all of the same order 
of strength, and they are all sufficiently strong to prevent the complete addition of two 
protons per molecule. The value of 7 = 3, mentioned by Hammett (of. c7t.) for succinic 
acid, differs from the results of the present research and of Oddo and Casalino (loc. cit.). 

In general, the data given here are supported by the work of Kendall and Carpentet 
(J. Amer. Chem. Soc., 1914, 36, 2498), who found that weak organic acids (e.g., succinic 
and glutaric acids) formed addition compounds with sulphuric acid, but that an increase in 
the acidic strength of the organic acid was accompanied by the loss of this property. The 
relative ¢ values for the higher members of the series of dicarboxylic acids (t = 2-6) and of 
diketones (1 = 3) indicate that the acids are weaker bases than the ketones. Further 
evidence for this is data given by Hammett (of ci¢., p. 271) which show, from ultra-violet 
absorption measurements of the degree of ionization in mixtures of sulphuric acid and water, 
that aromatic monocarboxylic acids are weaker bases than monoketones. Craig, Garrett, 
and Newman (1b1d., 1950, 72, 163) also found that in methanesulphonic acid, the acidity of 
which corresponds to sulphuric acid diluted with 25° of water, the 7 values of organic 
acids are smaller than those for ketones. 

Experimental.—Thecarboxylic acids were of ‘‘ analytical reagent '’ quality and were used, after 
being dried, without further purification. The apparatus and procedure have been described 
by Wiles and Baughan (loc. cit.). The acids were not recovered from the solvent but, except 
in the case of oxalic acid, the freezing points showed no diminution even after a day or longer, 
and the complete stability of the acids in sulphuric acid is therefore inferred 


The assistance of discussions with Dr. B. W. V. Hawes is acknowledged 


MILITARY COLLEGE OF SCIENCE, 
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210. The Infra-red Spectra of Quaternary Methiodides of 
NN-Disubstituted Thioamides. 
By J. D. S. GOULDEN. 


DvuRING the examination of the infra-red absorption spectra of the Chabrier-Renard 
compounds reported by Peak and Stansfield (/., 1952, 4067) unusually low values were 
found for the C—N° vibration frequency. Examination of the spectra of other compounds 
in this series now suggests that these low values were due to resonance contributions from 
the sulphonium forms (I) to the predominating ammonium forms (II). 

Although Randall, Fowler, Fuson, and Dang] (‘‘ Infra-red Determination of Organic 
Structures,” Van Nostrand Co. Inc., New York, 1949, p. 5) state that the C—N group in 
acyclic systems absorbs in the region 1695-—1639 cm.~!, the highest value found here foi 
this bond in the quaternary methiodides of N.N-disubstituted thioamides was 1607 cm.7!. 
The presence of a positive charge on the nitrogen atom would be expected to give rise to 


(I CoN C=Ne (ID 
*SMe SMe 


a higher C—N frequency value, since the positive charge would counter the electron- 
withdrawing effects of groups attached to the carbon and nitrogen atoms and thus prevent 
a lowering of the C—N frequency value. This effect is demonstrated in the case of 2-phenyl- 
\-piperonylidene-ethylarnine (1) and its methiodide (4). When an 5Me group is attached 
to the carbon atom in the C—=N group, however, quaternization leads to a fall in the value 
of the CN frequency, as can be seen from the Table (Nos. 3 and 8). 

These results show that, although substitution changes on the carbon atom of a C—=N 
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group cause little change in the C=N frequency, yet those on the nitrogen atom have 
pronounced effects upon it. Ingold (J., 1933, 1120) has shown that the — J effect of a nitro- 


C==N Frequencies (in em.~) of RYRgCINR, and Ry R,CINR,Rg}I- compounds in 


chloroform. 
R,R,CINR, Type 
(1) R, = H, R, = C,H,0,, R, = CH,*CH,Ph 1646 
(2) R, = MeS, R, = Ph, R, = Me ....... ; 1622 
(3) R, MeS, R, Ph, R, Ban“ cexekeswosacy ie 1611 
R,R,CINR,RJI- Type 
(4) R, = H, R, = C,H,O,, R, = CH,°CH,Ph, R, = Me ........ 1659 
(5) R, = MeS, R, = Me, R, = R, = Me............5- 1607 
(6) R, = MeS, R, = Me, NR,R, = C,H,ON ......... SOS ay 1581 
OT) WR, mi Bie, BR, wm Wa, WIR Ry we GEO, nonce csssscnecssvae: 1580 
(8) R, MeS, R, Ph, Re = Fh, Me .. ; ac eh oaioae 1562 
(9) R, = MeS, R, = Ph, R, = R, = Ph....... 1 Ce Jann . = ca. 1510 


C,H,O, = 3:4: 1-(CH,0,1)C,H,-. C,H,ON = OCH CHIEN 

gen atom attached to a phenyl group is normally overpowered by the +7 effect of the 
nitrogen atom. It would seem, however, that the —TJ effect becomes more powerful when 
the nitrogen atom carries a positive charge, since the substitution of phenyl groups on the 
positively charged nitrogen atom results in an increasing amount of the positive charge 
being transferred to the sulphur atom, as is shown by the lowering of the CN frequency. 
Even in the case of N-«-methylthiobenzylidene-NN-diphenylammonium iodide (9), the 
C=N frequency is nearer to that of the C=N bond at ca. 1650 cm. than to that of the C-N 
bond at ca. 1300 cm.!, showing that in all the methiodides examined here, the ammonium 
form (II) makes a larger contribution than the sulphonium form (I) to the moleculat 
structure. 

It is noteworthy that conjugation effects leading to a decrease in frequency value 
generally give rise to an increase in the €moiar Value of the absorption band. In the case 
of the quaternary methiodides of NN-disubstituted thioamides, it was observed that the 
Emolar Values decreased slightly as the frequency value decreased, their values being in 
the region of 200. This high emotae value enabled the C—N frequency to be easily dis- 
tinguished from the weaker benzene-ring absorption bands in the same spectral region. 

The difficulty of identifying the weak C-S frequency amongst the strong skeletal 
vibrations in the 570—710 cm.! region made it impossible to follow the corresponding 
changes in the C-S frequency. 


Experimental.—Spectra were obtained with a Grubb-Parsons 5.3 single-beam_ spectro- 
meter, a rock-salt prism and an a.c. thermocouple detector being used. Solutions containing 
about 50 mg./ml. were examined in pure chloroform solution in 0-13-mm. and 0-23-mm. cells. 
Frequency values are considered to be accurate to -+- 2 cm.1 except in the case of N-x-methyl- 
thiobenzylidene-N N-diphenylammonium iodide (9), where the width of the band reduced the 
accuracy to about + 10 cm.7. 

N - a- Methylthiobenzylidene - NN -diphenvlammonium iodide. Thiobenzodiphenylamide 
(Russell, J., 1910, 97, 956) was refluxed for 1 hr. with excess of methyl iodide to form the 
iodide. After cooling, this was filtered off, dissolved in dry ethanol, and precipitated by slow 
addition of dry ether. Yellow crystals which turned brown at 115—117° and decomposed at 
120—-123° were obtained in 95% yield (Found : C, 55-7; H, 4:6. C, 9H,,NIS requires C, 55-7; 
H, 4-2%) 

N-Piperonylidene-2-phenylethylamine and its methiodide were prepared by Hamilton and 
Robinson's method (J., 1916, 109, 1033). All the other compounds listed were described by 
Peak and Stansfield (loc. cit.). 


The author thanks Dr. F. Stansfield for supplying most of the compounds, and Mr. B. 
Peutrell for assistance in preparing the others. 
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Willstatter Memorial Lecture. 


RICHARD WILLSTATTER. 
DELIVERED AT THE CHEMICAL SOCIETY, BURLINGTON HOUSE, ON NOVEMBER 6TH, 1952. 
By Str RoBeRT Rosrnson, O.M., F.R.S 

RICHARD WILLSTATTER died at Muralto-Locarno in Switzerland on August 3rd, 1942, barely a 
week before he would have attained the span of three-score years and ten. The joys and 
sorrows of his life reached the greatest heights and depths of human feeling and we can never 
be too grateful for his autobiography ‘‘ Aus meinem Leben,” completed in 1940 but published 
posthumously in 1949, which gives such a clear picture of his happiness and exaltation, as well 
of his grievous disappointments and tragic losses. The wealth of material contained in this 
moving narrative, as well as the volume and variety of his contributions to the scientific liter- 
ature, doom to failure any attempt to describe his life and work completely. It is only possible 
to glance superficially at some of the outstanding achievements and perhaps to give a summary 
which will assist in the reading of his own somewhat discursive account, in which philosophic 
reflections on the tasks and duties of the teacher and investigator, as well as on many other 
matters, are interspersed among the biographical and the scientific topics 

There have lived highly distinguished organic chemists who have filled the literature with 
important work over a long period of years and have nevertheless contributed little more than 
developments predictable on grounds of analogy. A small select band were recognisably 
pioneers, even great pioneers. Such were Liebig, Baeyer, and Emil Fischer, and assuredly 
such a one was Willstatter. He broke entirely fresh ground both as the result of the attack on 
the most difficult objectives and also in the devising of new methods for the solution of these 
problems. Hardly anything he started was finished and the measure of his success and brilliance 
is the extent of the territory which he opened up and failed to explore. The true pioneer— 
bahnbrechend—can never reach the end of the journey. Naturally the earlier stages represented 
the gain of solid ground, but the man who is enabled to push ahead by these conquests more 
often than not reaches the most fertile country. In illustration of this we may refer to Hans 
Fischer’s work on chlorophyll or to the post-Willstatter developments of enzyme chemistry. 
In neither case is it suggested that Willstatter was the only pioneer on whose work the later 
developments were based, but he was one of them. 

Willstatter has told us that his panacea and corrective for the effects of all the vacillations 
of fortune was “ work ”’ and then “ more work.” 

I turn at once to some of the fields in which he laboured. In doing this it will be necessary 
to jump over considerable gaps in the years and hence a brief statement of the framework of his 
academic career will give points of reference. 

At the age of 18 he entered the University of Munich where he became in a general sense a 
pupil of Baeyer, though he never worked in collaboration with that great master. In due 
course he became Privatdozent and then Professor extraordinarius. In 1905 he accepted the 
Chair of Chemistry at the Ziirich Polytechnic, and in 1912 was called as Director of the Kaiser 
Wilhelm Gesellschaft Institut at Dahlem, Berlin. He followed Baeyer at Munich in 1915—16 
and resigned in 1925, continuing however to direct a cell of research in the laboratory. 

In 1939 he was fortunate to be able to leave Munich and he lived at Muralto-Locarno from 
that time until the end. 

Tropine, Cocaine, and Hyoscine.—When the young student in February, 1893, was ready 
to embark on research with a view to a Doctorate he was most anxious to work under Baeyer 
but he did not suggest this and was assigned to Professor Alfred Einhorn who acted as his 
supervisor. Einhorn did good work in several fields and especially on cocaine and synthetic 
local anesthetics; he had no official position in the laboratory and occupied a tiny room for 
thirty years. Willstatter records with approval the regular attention and careful guidance he 
gave to his collaborators. Unfortunately, Willstatter’s eventual success in this group of alkaloids 
of solanaceous plants was displeasing to Einhorn, as well as to Ladenburg, who evinced bitter 
hostility. 

Einhorn and Tahara treated the methiodide of anhydroecgonine ethyl ester with silver oxide 
and obtained an amino-acid, C,)H,;0,N, which evolved dimethylamine when boiled with 
aqueous sodium hydroxide, affording an acid, C,H,O,, isomeric with toluic acid. When this 
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was heated with hydrobromic acid a dihydrobromide was produced and the latter gave p-toluic 
acid with hot aqueous alkali. Quite naturally the substance was regarded as dihydro-f 
methylenebenzoic acid (I). Willstatter was invited to make a further study of this reaction 
and his first paper,* with Einhorn (Ber., 1893, 26, 2009), describes the tetrahydro-derivative of 
the acid, which was still unsaturated to permanganate, and its conversion into an isomeride 
under the influence of hot aqueous sodium hydroxide 


CH,=( C-CO,H C——CH, C-CO,H 
(1) CH=CH CH=CH (IT) 


The outcome of further studies described in a long paper in Annalen (1894, 280, 96—159 
was the formula (II), of which the methylene bridge was broken so as to yield p-toluic acid 
derivatives and also the cyclohexane ring with assumed production of ethylcyclopentane deriv- 
atives. Bredt’s rule had not yet been formulated! Arising from this interest Willstatter also 
studied the reduction of aromatic acids by means of sodium and amy] alcohol, a technique which 
he emphasises was invented by Baeyer. Salicylic and m-hydroxybenzoic acids were converted 
into hexahydro-derivatives, but in later experiments the former acid was converted into pimeli: 
acid by ring-scission at the keto-acid stage. A correction was published (Ber., 1894, 27, 331 
but Willstatter considered (cf. ‘‘ Aus meinem Leben,” p. 445) that the hexahydro-acid had 
actually been obtained in the first experiments and claimed good agreement with the properties 
of the acid later synthesised by W. Dieckmann (Ber., 1894, 27, 2475) in the Munich laboratory. 

A thesis on the above topics was presented and, after an examination which he was told 
would be a matter of form but in which he was nevertheless asked to recite the entire Periodic 
System horizontally, he received the Doctorate ‘‘ summa cum laude ’’ a mark which Willstatter 
doubted he had deserved and which he thought must have been decided in advance. 

This was at the end of his seventh semester in 1894; in June of the previous year he read his 
first paper on hydrogenated p-toluic acids before the Munich Chemical Society. His per 
formance was praised by Baeyer-—‘‘ you spoke like an experienced Professor ’’—who thereafte1 
kept in frequent touch with one whom he doubtless already recognised as a budding genius 
The laboratory in which Willstatter worked was shared with Petrenko-Kritschenko and others 
but the Director paid more attention to Willstatter than to one of his own co-workers named 
Bihan who was also in this room, and assisted him both with his thesis and with the preparation 
of the paper in the Annalen to which reference has already been made. 

After the early Doctorate the question arose as to what career he should seek to follow. 
Kinhorn, who had suffered a reverse at Aachen, advised against an academic career, and proposed 
a post in industry. Considering the cocaine problem finished he decided to abandon it himself 
and after some discussion forbade Willstatter any further work in this field. But doubts persisted 
and it seemed absolutely necessary to resolve them. Hence Willstatter sought a way out and 
devoted attention to tropine instead of cocaine. This was certainly rather naive and Professor 
Einhorn broke off all relations and did not resume them so long as Willstatter remained in 
Munich 

However, Baeyer himself approved the plans which were gradually taking shape and at this 
critical period gave great help and encouragement to the young Doctor. Independent work 
began in 1894, and in 1896 Willstatter became Privatdozent. He had been held back for two 
years by Merling’s presence in the laboratory in Thiele’s organic chemistry section. This pro- 
hibited the projected work on tropine which was justly regarded as Merling’s prerogative. Now 
Merling went away to industry and the way lay open ahead. Willstatter made arrangements 
with the firm of E. Merck in Darmstadt and thus obtained an assured supply of material at a 
reasonable price. This arrangement was later developed into a consultancy and was doubtless 
found advantageous by Merck. 

Merling had oxidised tropine, C,H,,ON, to tropinic acid, C,H,,;0,N, and recognised that 
‘CH,-CH(OH): had become 2CO,H. He had replaced the Ladenburg formula (III) by a superior 
expression (1V) which yielded tropinic acid (V). Willstatter therefore determined to degrade 
tropinic acid, and the clue was given by a test-tube experiment in which it was observed that the 
methiodide of tropinic ester gave a basic ether-soluble oil when warmed with potassium cat 
bonate solution. He had opened the ring and the rest should be easy. He was entranced, 
fascinated, and stood back to admire, to wonder at his good fortune and to plan. In fact it 


66 


* In “ Aus meinem Leben ”’ this honour is given to a paper on the separation of cocaine from other 
alkaloids (Ber., 1894, 27, 1523). 
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appears to the Lecturer that he took an unconscionably long time before he decided that the 
fruits were ripe enough to gather 


CH, CH CH-CO,H 
EI CH, H.C CH°OH CH, H,C CH, 
Hi CH-CH,-CH,*OH MeN CH, CH, Me-N CH, 

\ Me III (IV) CH (V) CH-CO,H 


He went on a holiday and visited his mother at St. Anton am Arlberg. There in the Post 
Hotel the idea occurred to him to oxidise tropine to the ketone tropinone and to take advantage 
of its reactivity to lay bare further secrets of the tropine molecule. There followed a great 

f wrestling with the spirit in order to determine how best to proceed. However, he now 


realised that he had two keys, a magic one and a systematic one, and his whole world was 
transformed. He went to the United States to visit relations and during a week of sea-sickness 
the oil from the methiodide was a comforting picture in the mind. The methiodide was indeed 
described as the talisman which protected the “‘ Salier,’’ a small Australian ship, from sinking in 
violent storms—the journey occupied fourteen days, and the ship sank on its next voyage. 
| have dwelt on this because Willstatter himself made it clear that he regarded this experiment 
as the turning point of his scientific life 


CH CH, CH CH, CH—CO0,H CH-CH,Et 
HH, H.C HC H,C NMe, 
NMt CH-OH NMe CO N Me 
HH ,¢ H,C H,( CO,H H,C CO,Et 
CH CH, CH CH, CH~—CH, CH=CH 
(V1) (VII) (VIII) (IN) 


On return from America the Hofmann degradation was pursued but it was not until several 
years had passed that the degradation to pimelic acid was finally completed. This proved the 
presence of seven carbon atoms in a straight chain in tropinic acid and a seven-membered ring 
in tropine. Before the culmination of this work the latter was indicated by the other method. 
Careful oxidation of tropine with chromic acid gave a beautiful basic ketone, namely tropinone, 
and this afforded a dibenzylidene derivative and thus contained *CH,*CO-CH,*. Merling’s for- 
mula for tropine was therefore modified to (V1) in 1898 and the eventual degradation to pimelic 
acid (XI) was realised through tropinone (VII), tropinic acid (VIII), the des-base (IX) from 
ethyl tropinate methiodide, and the second Hofmann stage (X), reduced to (XI) by means of 


sodium amalgam 


CH,—CO,H CH,—CO,H CH= C-CO,H 
Hi H,( H¢ 
CH, 
Hit CO,H H,¢ CO,H Ht 
CH=CH CH,—CH, CH--CH 
<' (XI XII 


rhe first part of the work on tropinone was published at once on the advice of Baeyer, and 
this was just as well since, independently, G. Ciamician and P. Silber of Bologna made similar 
It became clear, four years after the Doctor-arbeit, that dihydro-p-methylenebenzoic acid 
was cycloheptatrienecarboxylic acid (XII). On reduction with sodium and alcohol, tropinone 
gave, not tropine, but pseudotropine, and pseudotropine could be re-oxidised to tropinone 
Chis was important in two directions. First, it demonstrated the relation of tropine to pseudo- 


tropine and laid the foundation for later stereochemical studies. But, secondly, it made 
pseudotropine readily accessible and from this the valuable t1 


pset ypacocaine could be prepared 
hus was industry rewarded for its help to academic research 

Furthermore, Willstatter had the curiosity to prepare an isomeride (XIII) of cocaine by way 
of tropinone cyanohydrin. Merling, who was then a director of Schering and did not share the 
bitterness of Ladenburg or the coolness of Einhorn, visited the Munich laboratory and saw a 
specimen of (XIII) on Willstatter’s table. He took the hint and applied the same idea to piperid- 
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ones more readily accessible than tropinone with the result that the eucaines were developed. 
4-Eucaine (XIV) was the close analogue of Willstatter’s substance but this proved too irritating, 
and ($-eucaine (XV), which is built on the tropacocaine (benzoylpseudotropine) model, replaced 
it and was manufactured on a large scale. Baeyer objected to what he regarded as the picking 
of the brains of University men but Willstatter thought it a natural and desirable collaboration. 


HH, ¢ 
CH CH, ( CH, CHi—CH, 
Hf O-COPh H1,C O-COPh H,( 
NMe_ (¢ NMe ¢ NH CH:O:-COPh 
H,¢ CO,Me H,¢ CO,Me H,C 
CH CH, pO ame, OO C——CH, 
(XIII) H,C (XIV) H,¢ (XV) 


In the summer of 1896 Willstatter wrote his habilitation thesis on “ Investigations in the 
[ropine Group.’’ In November of that year he lectured on his chosen theme and defended it 
attired in tails and white kid gloves. Incidentally he overturned the blackboard. 

After this ordeal it seems that he became more involved in teaching duties and had less time 
for research. The tempo certainly slowed down a little but he soon resumed full activity and 
was determined to effect the synthesis of atropine and of cocaine. As already indicated, the 
discovery of dibenzylidenetropinone and the constitution of tropine belong to 1897 and 1898 
respectively. In the latter connexion certain improbable alternatives were found to be incon- 
sistent with the facts. Among the more important of these were the formation of 2 : 3-dihydro- 
benzaldehyde by the action of alkalis on tropinone methiodide and the oxidation of tropilene (a 
cycloheptadienone) to adipic acid. 

In 1898 (Ber., 31, 2498) he showed that tropilidenecarboxylic acid (XII) gave cycloheptane- 
carboxylic acid on reduction with sodium and amyl alcohol This acid had already been 
synthesised by Spiegel, but Willstatter nevertheless degraded the acid from cocaine into suberone 
by brominating it, replacing the bromine by hydroxyl, and oxidising the hydroxy-acid with lead 
peroxide, a sequence of operations often used by Baeyer. At the same time he recognised that 
tropilidene was cycloheptatriene and hydrotropilidene was cycloheptadiene. 

These hydrocarbons obtained as end-products of the Hofmann degradation series of tropa- 
bases were the chosen starting points for a most elegant synthesis by retracing the steps. The 
successful execution of this daring design has always impressed the Lecturer as a very great 
achievement. It is set aside in our text-books, or rather in some of them, and was even de- 
precated by Willstatter himself because of its complexity and the poor yield, and because a 
quicker method was later found to be feasible But it traverses a very rich field of chemistry 
and has the special interest which always attaches to a synthesis which reverses a step-wise 
degradation. A much simpler example of the same kind is furnished by Claisen’s synthesis of 
chelidonic acid, which incidentally was much improved by Willstatter in an important practical 
detail, namely, substitution of potassium ethoxide for sodium ethoxide in the preparation of 
acetonedioxalic ester. This work culminated in 1901 and 1902 in the syntheses of tropilidene 
and tropidine and the conversion of tropidine into tropine. Suberone was the source of subery]- 
amine and cycloheptene, the dibromide of which afforded (XVI) with dimethylamine. Further 


cH~cu—cu CH=CH—CH CH—CH=CH CH-CH—<H  CH,;-CH-—CH, 

| NMe, CH | CH CH | NMe, CH NMe, CH, 

CH—CH.—CH, CH,CH,CH, CH—CH,CH CH,-CH=——<CH CH,—-CH==CH 
(XVI (XVII) (XVID) (XIX) (XX) 


methylation and decomposition of the quaternary hydroxide gave cycloheptadiene (XVII 
which had been obtained by Hofmann degradation of dihydrotropidine. The two hydrocarbons 
were identical. The dibromide of (XVII) yielded tropilidene (cycloheptatriene) (XVIII) on 
being heated with quinoline. Now came the retracing of the steps. The hydrobromide of 
tropilidene reacted with dimethylamine to form «-methyltropidine (XIX) which is obtained from 
tropine by dehydration to tropidine, methylation of this base, and des-base formation by 
pyrolysis of the quaternary hydroxide. The reconversion of methyltropidine into tropidine 
had been effected by Merling, but Willstatter could not reproduce the process to his satisfaction 
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and employed instead the dihydromethyltropidine (XX) which can be prepared by reduction of 
methyltropidine with sodium and alcohol. (XX) was brominated in hydrobromic acid solution 
and when the base was liberated and taken up in ether it underwent trans-annular ring-closure to 
bromodihydrotropidine methobromide (XXI). The bromo-methobromide (XXI) readily lost 
the elements of hydrobromic acid with warm alkali, and the resulting tropidine methobromide 
was converted into the iodide and thence into the chloride, and the latter furnished tropidine 
XXII) when heated. Addition of hydrogen bromide to the double bond of tropidine proceeds 


in the desired direction and hydrolysis [*CHBre —-> -CH(OH):] could be effected by dilute 
sulphuric acid at 210°. This gave pseudotropine and hence tropinone. Earlier the reduction 


of tropinone to tropine had been effected by zinc and hydriodic acid, or by cathodic reduction in 


acid solution 


CH,—CH CH, CH,—CH CH, CH,—CH CH, 
xX) + Br, . NMe, CH, eed NMe,'Br CH, NMe CH 
CH, —CHBr-CHBr CcH— CH CHBr CH,—CH CH 

NX1) (XXII) 


Thus was the synthesis of atropine and other tropines completed and the only structural 
problem that remained was the question of the configuration of tropine and pseudotropine. 

At least one well known text-book erroneously attributes this isomerism to a cis-trans- 
relation between the Me in NMe and the hydroxyl group. It is rather a question of the whole 
NMe group (or the ethylene bridge) in syn- or anti-relation to the hydroxyl. Only this year 
the problem has been solved by Professor G. Fodor who finds that pseudotropine (XXIII) has a 

yn- and tropine (XXIV) an anti-configuration. 


sii OH 


(XNIIT) (XXIV) 


[he much more complex stereochemistry of the ecgonines has also been cleared up so far as 
the two better-known isomerides are concerned. Work on the synthesis of natural cocaine 
spread over a long period of years. 

On the analogy of the preparation of camphorcarboxylic acid, the carboxylation of sodio- 
tropinone was attempted and found to succeed. In 1901 in collaboration with Bode the 
reduction of the sodium tropinonecarboxylate with sodium amalgam was found to yield chiefly 
pseudotropinecarboxylic acid and a by-product in small amount which was thought to be 
y-ecgonine and this was converted into a y-cocaine. Twenty years later it was pointed out by 
Willstatter and Bommer that the y-cocaine of 1901 was not (+-)-cocaine but (+)-¢-cocaine. In 
1923 by collaboration with O. Wolfes and H. Mader of the Merck laboratories it was possible to 
work on a much larger scale and the reduction of methyl tropinonecarboxylate afforded (-+)-y- 
ecgonine methyl ester and also a little (-+-)-ecgonine methyl ester. The latter was converted 
into cocaine and the racemate resolved as the hydrogen (-+-)-tartrate and hydrogen (—)- 
tartrate -f-Cocaine was found to be an excellent local anesthetic, said to be free from 
habit-forming properties; it was placed on the market under the name “ psicaine.”’ 

However, we must go back to 1917 for the beginning of these later phases: In that war year 
the Lecturer published an account of a simple synthesis of tropinone from Harries’ succindi- 
aldehyde, methylamine, and calcium acetonedicarboxylate. There had been a gap of many 
years in the appearance of Willstatter’s papers and the experiment had some bearing on a possible 
shortage of atropine, which was needed in the field. 

Although it might have been regarded as an intrusion, how different was the reaction of 
Willstatter from that he himself experienced in early days from older colleagues! When it 
became possible to do so, he wrote the Lecturer a charming letter expressing his pleasure and at a 
later meeting the only thing that troubled him was the use of dipiperonylidenetropinone for 
identification purposes; the dibenzylidene derivative was, he said, a sufficiently beautiful sub- 
stance. The explanation that a new derivative was made by a young chemist as a matter of 
principle appeared to satisfy him. 


The flattery received was partly that which is said to bear the hall-mark of sincerity. Careful 
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hydrolysis of methyl acetonedicarboxylate afforded a dipotassium compound which was a semi- 


ester. This was condensed with succindialdehyde and methylamine to give methyl] tropinone- 
carboxylate (XXV This was the method developed in 1923 for the synthesis of psicaine. 
CHO CH,-CO,Me CH——CH-CO,Me 
H, HC tenes 
"| NH,Me CO = NMe CO (X XV) 
H, HC 
CHO CH,CO,K(H) CH——CH, (CO,) 


The dipotassium monoethyl ester had been earlier used in an ingenious manner for another 
simple synthesis made at Dahlem (with Pfannenstiel, 1921): by Kolbe—Walker electrolysis it 
yielded diethyl 2: 5-diketohexane-1 : 6-dicarboxylate (XXVI) which with methylamine gave 
ethyl 1-methylpyrrole-2 : 5-diacetate (XXVII). Catalytic hydrogenation of this gave the 
corresponding pyrrolidine derivative and an application of the Dieckmann reaction converted 
this into ethyl tropinonecarboxylate. The pyrrolidine derivative (XXVII 4H) has also 
been made by Karrer and Alagil (1947) from crotonic acid by w-bromination, coupling with silver, 
addition of hydrogen bromide to two double bonds, and treatment of the product with methyl- 
amine 

CH=C-CH,-CO,Et 
CH,°CO-CH,-CO,Et | 
(XXVI) g eho NMe (X XVII) 
CH,°CO-CH,°CO,Et 
s ” CH=C:CH,:CO,Et 

In 1907 Willstatter and Heubner investigated a base CgHg)N, found by Merck in Hyoscvamus 
muticus. It was proved to be 1: 4-bisdimethylaminobutane, NMe,*CH,*CH,*CH,*CH,*NMe, 
This finding is one of the pillars of the Lecturer’s theory relating the solanaceous alkaloids to 
ornithine. 1-Methylpyrrolidine and other simple bases have been found in the solanaceae 
but they have not all been fully examined. 

Willstatter and Berner made an important contribution to the chemistry of hyoscine (or 
scopolamine) which they hydrolysed by pancreatic lipase to tropic acid and scopine (X XIX), and 
thus avoided the isomeric change into oscine (XXX) which occurs very easily in presence of 
alkalis. Along with the earlier work of Hesse, Luboldt, Hess, Schmidt, and Willstatter and 
Lessing, who in 1902 synthesised a degradation product, namely 1-methylpiperidine-2 : 6-dicarb- 
oxylic acid, this result gave strong confirmation to the constitution (XXVIII) proposed by 
H. King for hyoscine. 


CH,—CH, CH,-OH CH——CH, 
CH CH 
O NMe CH:0:CO-CHPh = at O NMe (CH:OH 
CH Lipase CH 
CH,——CH, Pl CH CH, 
(XXVIII) ° : i Alkaline hydrolysis , (XXIX) 
\ V4 
cHi——cH, 
BOO 


HO-HC NMe CH 
CH CH, (555%) 


Che early work on lupinine was carried out by Willstatter in 1902 in collaboration with 
Fourneau, one of the most distinguished of his pupils. They established the main features of the 
chemistry of the alkaloid and recognised the existence of a bicyclic nucleus The full constitution 
was developed by Karrer and confirmed by syntheses due to Clemo and Winterfeld and their 
respective co-workers. 

Che alkaloids of pomegranate bark are ring-homologous with the solanaceous bases and have 
been investigated by, inter alios, Tanret, Hess, Meisenheimer, Wibaut, and especially Piccinini 
Piccinini’s formula (XNXXI) for pseudopelletierine was advanced by analogy with tropinone. 
Willstatter degraded the base in several ways and obtained cyclooctadiene, cyclooctatriene, and 
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finally cyclooctatetraene (XNXXII). The methods closely followed those which he had worked 
out in the cycloheptane series. This work of Willstatter and Waser (1910 and 1911) was con- 
firmed with Heidelberger (1913). It excited very great interest because of the non-benzenoid 
character of the hydrocarbon. <A large amount of scepticism as to the nature of the hydro- 
carbon was expressed by American chemists, some of whom went so far as to suggest that the 


H,C—CH CH CH H.C—CH CH 
Mel : —CH— 
H,C NMe CO —+»> CH:OH > CH > H,C NMe, CH —> —_—> 
; | sents § NMe,}OH 
H,C—CH Chi —CH, H,C—CH CH 
(XXX]I) 
HC=CH—CH CH=CH—CH 
HNMe, Tetramethyl- \eOH 
H,C CH —> Dibromide ———> diaminocyelo- —> Dimethiodide ae: CA CH 
octadiene 
H,C-—-CH+=CH (NXNXII) CH-—CH=CH 


hydrocarbon was styrene. These criticisms were made on various grounds of a theoretical 
nature and did not include a repetition of Willstatter’s experiments until Cope and Overberger 
1947 and 1948) undertook this and confirmed the complete accuracy of the work. 

The brilliant researches of Reppe during the second World War showed that acetylene can 
be polymerised in the presence of nickel cyanide with formation of cyclooctatetraene and other 
hydrocarbons. Large quantities thus became available and the confirmation of Willstatter’s 
work is remarkably close. This is shown in the following Table (compiled by Dyson). 


Properties of cycloOctatetraene. 


Reppe Willstatter 
oath: PPOO RIE © so 0 ides cnvancacwtanersacrsaceacnseosandeuss 142-143 - 
Be Di PRU WEN. 5 .scancracaessne ca veeeeneeswaceungscancseace ; 42:0—42°5 42-2—42-4 
FRED REARS VEINS SANT SRNR Seals 0-9382 0-945 
dp, ERE RE ST REIN. ies 09206 0-925 
no sed ceuss sees scimidinente asi aecue atte 1-5290 1-5389 
DEOL SOCPROBIOR oe id visesn hha cus asece eer eos 35°17 35:2 
WON s ORS VCACION «oi ac sosnssiacandessmeshs ceaceassdaonabieens ; -0-09 0-12 


Much earlier (in 1905) Willstatter and von Schmaedel prepared the gaseous cyclobutene 
(XNXXIII) by the decomposition of cyclobutyltrimethylammonium hydroxide but they were 
H.C—CH unable to remove two hydrogen atoms so as to obtain the lower vinylogue of 

| benzene. The methods employed were too robust 

H,C—CH The separate existence of cyvclobutene and butadiene (as well as of the pair di- 
(XXXII) hydrobenzene and hexatriene) is a proof that stable electromers are possible, for 
both substances contain the chain CH,*CH°CH°CH, and differ only in the distribution of 
valency electrons. It is very satisfactory that Willstatter made the experiments because there 
can be no doubt about the correctness of his record. Indeed Zelinsky hazarded the suggestion 
that cyclobutene was bicyclic but Willstatter and Bruce (1908) gave reasons for rejection of 
this possibility. 

Reduction and Oxidation.—One of the greatest claims that Willstatter makes on our gratitude 
is in connexion with the new experimental methods which he introduced, examples of which 
abound in our sequel. He was fond of simple reactions—oxidation, reduction, and hydrolysis 
and sharpened our tools for all these operations. How often in the work at which we have 
already glanced would the process of catalytic hydrogenation not have proved a boon? Although 
he did not discover the value of noble metals in promoting hydrogenation at the ordinary 
temperature (observed by Fokin in 1907), he was the first to apply the method systematically ; 
he greatly improved the technique and showed, for example, the importance of the presence of 
oxygen in the catalyst. He prepared in this way dihydrogeraniol, dihydrophytol, dihydro- 
cholesterol, hexahydrobenzoic acid, cyclohexane, decahydronaphthalene, pyrrolidine, and many 
other compounds, and observed the inhibiting influence of impurities, especially of sulphur 
Willstatter and Meyer, 1908; Willstatter and Hatt, 1912 In 1913 Willstatter and King 
prepared pure dihydronaphthalene from tetrahydro-$-naphthylamine and hydrogenated it 
easily to tetrahydronaphthalene which was further hydrogenated very slowly. But naphthalene 
itself always atforded decahydronaphthalene directly on hydrogenation, so that the reaction 
stages must be different, or perhaps we have another instance of the reactivity of nascent 
molecules. 
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In the hydrogenation of phthalic anhydride and naphthalic anhydride the presence of oxygen 
was found to be essential (Willstatter and Jaquet, 1918). Stranger still, the acids themselves 
are hydrogenated in absence of oxygen (or with less oxygen) but the anhydride, present even in 
traces, stops the process, which may be carried forward if oxygen is introduced. The experi- 
ments referred to ordinary platinum black on the one hand, or the metal loaded with oxygen on 
the other. 

In 1921, with Waldschmidt-Leitz, the matter was probed more deeply. It was shown that 
platinum free from oxygen is not a hydrogenation catalyst at all and that the same circumstances 
apply to nickel. Recognition of this led to the adoption of the device of reactivation by shaking 
with air 

Typical of his scrupulous attention to detail is a considerably later study of reduction by 
sodium amalgam (Willstatter, Bumm, and Seitz, 1928). The influence of impurities in the 
amalgam was stressed and it was found that pure sodium amalgam is a powerful and rapid 
reducing agent with a very high utilisation of the available hydrogen. The theory was formul- 
ated that the amalgam is not active through the formation of nascent hydrogen but rather by 
addition of sodium to the ethylenic group in the first phase of the reaction. This amounts to 
very much the same idea as the prevailing conception of reduction by sodium in ammonia (cf 
A, J. Birch). 

Willstatter also studied oxidation catalysis and found (with Sonnenfeld, 1913) that metallic 
osmium, especially in the colloidal condition, facilitated the oxidation of unsaturated substances 
by oxygen at the ordinary temperature. cycloHexene was converted into 2-hydroxycyclo- 
hexanone and other substances. Later, conditions were found for oxidizing ethylene to glycol. 
No use appears to have been made of the method which, however, was the forerunner of other 
processes. Willstatter (with Bommer, 1921) even studied the oxidation of ethyiene to formalde 
hyde by aerial oxygen at 595° and showed that a 50% yield was obtainable. Curious results 
were obtained in a study of the joint action of phosphorus and oxygen on unsaturated compounds 
(with Sonnenfeld, 1915). The elements of P,O, or P,O, could be introduced and the products 
were called phosphorites or phosphorates respectively. For example, cyclohexene phosphorate 
was a pale yellow crystalline powder, CgH,)90,P,, which could be oxidised by nitric acid with 
formation of cyclohexenephosphonous acid, CgH,*PO,Hg. 

Researches on Quinones and Quinone Imines.—A long series of papers that appeared between 
1905 and 1912 was concerned with the preparation and properties of quinonoid substances. 

In 1905 Willstatter and Pfannenstiel obtained the hitherto unknown o-benzoquinone by 
oxidation of catechol in ethereal solution with silver oxide. The dark red transparent plates 
were odourless, non-volatile, and easily reducible to catechol. Three years later (with Miiller) 
a colourless modification was obtained by carrying out the oxidation for only fifteen seconds at a 
low temperature. It was easily transformed into the red modification and was apparently in 
equilibrium with it since both forms separated when an ethereal solution of the red form was 
strongly cooled. The red variety was assumed to be the usual dicarbonyl compound, and the 
colourless a benzenoid peroxide (XXXIV). 

In 1907 the new method was applied to 2: 6-dihydroxynaphthalene and a third amphi- 
naphthaquinone (XXXV) was obtained. This substance forms reddish-yellow prisms, has a 
normal molecular weight in benzene, and is reducible to the dihydric phenol. A similar dichloro- 
derivative was also prepared and found to be much more stable. 

Willstatter’s collaborator in this work was J. Parnas who later became Professor of Physio- 
logical Chemistry at the University of Lemberg. The usual oxidising agents, namely, silver 
oxide and lead peroxide (often in presence of anhydrous sodium sulphate or magnesium sulphate), 
were employed, but it was also decided to try gold oxide. The substance exploded on being 
touched with a spatula and fragments of gold entered the eye. All but the smaller ones could be 
removed and Parnas’ sight was not permanently impaired. 


O oO 
paar 7N. -—O Z 
\ =< ~ 7-0 
O (XXXIV) O (XXXV) 


Willstatter, Mayer, and Pfannenstiel (1904) prepared two further simple prototypes in 
p-benzoquinone monoimine (XXXVI) and di-imine (XXXVII). They could be obtained 
by oxidation of /-aminophenol or p-phenylenediamine, respectively, with silver oxide in ethereal 
solution in the presence of sodium sulphate Their properties were unexpected since both 


substances were found to be colourless. The monoimine exploded spontaneously when dried; it 
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reacted at once with alkaline phenol to give an indophenol, and with dimethylaniline in acid 
solution to give phenol-blue. The di-imine was more stable but showed similar reactions. 
Corresponding N-methylimines were also obtained and these had similar characteristics. Many 
other significant results were obtained in the course of this work—the preparation of dipheno- 
quinone in red and colourless modifications (benzidine, however, gave diaminoazodiphenyl, 
NHyC,HyC Hy NyCgHyCgHyNH,) and of quinone azine, O'C,Hy:N*N‘C,H,:O, from p-azo- 
phenol, may be mentioned. 


NH NH 
(XXXVI) (NNNVIT) 


O NH 


A similarly constituted bright red quinone could be obtained from p-dihydroxystilbene but 
this had already been prepared by Zincke and Fries in a different manner. 

Willstatter paid much attention to the Wiirster dye-salts and to quinhydrones and pro- 
pounded theories to explain their properties. These are perhaps of doubtful significance at the 
present time but plenty of facts were recorded for the use of anyone who now wishes to collate 
the material on modern lines (cf. Sidgwick’s ‘‘ Organic Chemistry of Nitrogen,’’ Baker and 
Taylor, Oxford Univ. Press, 1937, pp. 99—101). It should also be mentioned that the scope 
of Willstatter’s method of oxidation in an anhydrous solvent was not contined to phenols and 
amines. It was found that arylhydroxylamines could be easily oxidised in this way to corre- 
sponding nitroso-compounds (1908). 

A problem to which Willstatter made a definite, but perhaps not a final, contribution was 
that of “ aniline black.’ This was of interest to him in connexion with the problem of the course 
of the oxidation of aniline to p-benzoquinone. The idea had been advanced that the stages 
were phenylhydroxylamine, p-aminophenol, and quinoneimine, but this was rejected since the 
conversion of phenylhydroxylamine into p-aminophenol does not occur under the conditions of 
the oxidation process. 

A green salt was obtained ‘by Nover (1907) by electrolytic reduction of nitrobenzene; this 
gave a blue, crystalline base (C,H;N), termed “ emeraldine.’”’ The formation of this substance 
goes back to Nietzki who oxidized p-aminodiphenylamine with ferric chloride (1879) and 
probably obtained ‘‘ emeraldine.”’ 

Willstatter and Moore (1907) obtained the base termed “ azurine,’’ as deep blue, microscopic 
prisms, m. p. about 165°, and found that it was Cy,H.)N,4. On oxidation with lead peroxide in 
benzene it afforded C,,H,,N,, red leaflets which polymerised in water at 150—170° to a black 
mass. This substance, CysHygN,, was regarded as Ph*NH°C,HyNH°C,HyNtC,H,NH.  Evi- 
dence was soon forthcoming that this chain was doubled and oxidised in the various “ aniline 
blacks.”’ 

Willstatter and Dorogi (1909) oxidised aniline with one quarter of the amount of chromic 
acid necessary for the formation of quinone and obtained after careful purification what they 
considered to be pure “ aniline black.’’ The substance was shown to be C,,H3;,N, and this gave 
a quantitative yield of quinone on oxidation with lead peroxide and sulphuric acid, but only 85°, 
of the theoretical amount with chromic acid. The explanation was provided by the behaviour 
of O:C,H,y;NPh which gave quinone from both nuclei when treated with lead peroxide and 
sulphuric acid but only from one nucleus (maximum, 50° yield) when chromic acid was em- 
ployed. The quantitative yield of quinone obtained from the supposed “‘ aniline black '’ showed 
that all the links are para to nitrogen, and the oxygen consumed in its formation showed that the 
C,, molecule was three times quinonoid. These conclusions were later confirmed by Green 
using Knecht’s titanous salt titration method. 

The formula proposed (XNXXVIII) accounts also for the 85°, of quinone obtained by 
chromic acid oxidation. The nucleus between the dotted lines can also become quinonoid, two 


NPhIC,HyN-C.Hy NH-C,Hy NHC Hy N:C.HgN'C Hy NIC,HZNH = (XX XVIII) 


hydrogen atoms being removed by means of hydrogen peroxide. The triquinonoid substance 
is now termed nigraniline, and the tetraquinonoid, pernigraniline. Both afford exactly one- 
eighth of their nitrogen as ammonia on hydrolysis. Moreover the hydrolysed product from 
pernigraniline with one CO terminally situated is dead black and is not “ greened ”’ by sulphur 
dioxide, as are other members of the series. 

All this is very clear and convincing and evidently a major contribution to the subject but 
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the view that one of Willstatter’s nigranilines, partly hydrolysed or not, was identical with the 
‘aniline black ’’ produced on the fibre by dyers was contested in the same year by Bucherer. 
He preferred an azine constitution for the commercial dyestuff in order to explain its high 
degree of stabilitv. Green and Woodhead (1910) agreed that Willstatter had thrown much 
light on the earlier stages of ‘‘ aniline black ’’ formation and concurred in the conception of the 
linking of eight aniline molecules in a chain. But they claimed that some of Willstatter and 
Dorogi’s products were mixtures and regarded nigraniline as an intermediate product in the 
formation of ‘‘ aniline black.” 

Ihe short controversy that followed was painful to Willstatter and perhaps we may sum 
marise the outcome by suggesting that Willstatter’s results apply to the reactions carried out 
under the laboratory conditions in solution, whereas “ aniline black ’’ produced on the fibre 
with other reagents and under quite special conditions may very well be something different 
Willstatter and Cramer (1910) confirmed the earlier work with Dorogi by study of the reduction 
of the substances in various stages of oxidation with phenylhydrazine carbamate over a range of 
temperature. In the course of a strong reply (1911) to Green and Woodhead they state that 
titanous chloride only reduces nigraniline to the monoquinoid stage, but that the true leuco- 
compound can be obtained by treatment with phenylhydrazine at 150°. This, it was claimed, 
was a source of error in Green and Woodhead’s findings. We cannot presume to adjudicate, but 
it is at least fair to point out that the Willstatter picture is on the canvas, whereas the azine 
conception exists, so far as the Lecturer is aware, only in the artist’s mind. 

Chemistry of Chlorophyll.—The ambition to solve the most difficult problems presented by 
the chief plant pigments was formed in early days and was confided to Baeyer who gave every 
possible encouragement. It is hard to realise now how very little was known about these 
colouring matters or to estimate the courage and confidence that inspired the young enthusiast 
The work began in Munich but the translation to Ziirich in 1905 provided a fuller opportunity, 
and the first paper on chlorophyll, jointly with W. Mieg, appeared in 1906. Among the more 
important precedents of Willstatter’s work were the researches of Stokes (1864) who not only 
showed spectroscopically that the chlorophyll of green leaves is a mixture, but employed parti- 
tion between alcohol and carbon disulphide to separate the components. 

Schunck (1885, 1888) and Marchlewski studied the regulated action of alkalis and acids on 
crude chlorophyll and obtained a number of mixed degradation products and at least one nearly 
homogeneous “ phylloporphyrin ”’ which gave a sparingly soluble zinc salt. J. Borodin (1882, 
1884) observed “ crystalline chlorophyll ’’ which separated from alcoholic extracts and is now 
known to be ethyl chlorophyllide. There was also a considerable parallel development of the 
chemistry of the blood pigment (Hoppe Seyler, Nencki and Zaleski, Piloty, Kiister, and others 
Chemists in quite early days sensed intuitively the close relation existing between chlorophyll 
and the blood pigment, perhaps first expressed by Verdeil in 1851, but it was left to Willstatter 
and Hans Fischer to place this theory on a firm basis of ascertained fact. 

Like his predecessors, Willstatter at first worked with extracts, and these were made from 
dried leaves of the stinging nettle, which were extracted with light petroleum in order to remove 
carotenoids and then exhausted by hot or cold alcohol, or ethyl acetate. A series of phyto- 
chlorins and phytorhodins was obtained from these extracts by the action of acids and alkalis 
and separated by taking advantage of different basic strengths. Immediately following this 
paper is one by Willstatter alone in which he criticises Stoklasa’s lecithin-type theory of the 
nature of chlorophyll, because he had already obtained chlorophyll preparations which were 
free from phosphorus. One of the methods was based on that of Sorby (1873) and developed 
by Kraus. Willstatter used methyl] alcohol and light petroleum as the partly miscible solvents 
instead of ethyl alcohol and benzene. The ash was 1-84%, nearly all magnesium oxide. In 
this memoir the hydrolysis of chlorophyll to chlorophyllin, a substance of acid character con- 
taining magnesium (3-54°% as MgO), and an alcohol, later called phytol, approximately Cy pH 4, 
were described 

In the following year (with Hocheder, 1907) it was roundly stated that chlorophyll is a 
complex magnesium compound and the magnesium was shown to be removed by oxalic acid in 
ulcoholic solution. The magnesium-free pigment was termed pheophytin. The composition 
of phytol was confirmed. At this stage some doubt was expressed regarding the identity of 
chlorophyll from different plants and some divergence was noted in the product of hydrolysis 
of pheophytin from grass and that from alge. This was later traced by Willstatter and Stoll 
(1910) to differences in phytol content due to the action of an enzyme, chlorophyllase, which 
occurs in all the green parts of plants. Examination of a very large number of species (> 200 
showed that the chlorophyll was substantially identical in all of them 
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The degradation series was continuously enlarged in a long series of memoirs. The di- 
carboxylic acid obtained by mild hydrolysis with alkalis was termed chlorophyllin. It contained 
magnesium which was not lost when it was heated with alcoholic potash on the water-bath, 
vielding blue glaucophyllin, and then at 200° yielding rhodophyllin (with Pfannenstiel, 1907). 

These results were amplified and extended by Willstatter and Fritzsche in 1910 with a 
wealth of descriptive detail of the various derivatives. The chlorophylls were recognised as 
derived from a tricarboxylic acid and to contain the common nucleus C,,H;,N,Mg. Rhodo- 
phyllin is a dicarboxylic acid and was used for the final degradation to an oxygen-free porphyrin. 
With alcoholic potash at 250° a monocarboxylic acid can be obtained but, after that, decom- 
position of the molecule occurs. Hence rhodophyllin in small quantities at a time was strongly 
heated with soda-lime and afforded xtiophyllin, C,,H,,N,Mg, from which extioporphyrin, 
C,,H3,N,, could be obtained by the action of acids. The reconversion into xtiophyllin was 
effected by means of ethereal methylmagnesium iodide (Willstatter and M. Fischer, 1913). 
The abbreviated table below illustrating the degradations does not take later work into account. 
rhe work of Borodin (1882) on crystalline chlorophyll was developed by Monteverde (1893) 
and confirmed by Willstatter and Benz (1908). It was then noted that crystalline chlorophyll 
did not contain phytol, and the erroneous suggestion was made that one of Stokes’ two chloro- 
phylls might be free from phytol. The truth was reached stepwise. At first, crystalline 
chlorophyll was thought to contain two methoxy-groups, that is 2CO,Me, but in collaboration 
with Stoll (1910) it was established that the crystalline material is the result of ethanolysis and 
contains one CO,Me and one CO,Et. Chlorophyllase is an esterase and can not only hydrolyse 
the original phytyl ester but also synthesise a carbethoxy-group from the same carboxyl group. 
A little later the same authors effected a partial synthesis of chlorophyll from chlorophyllide 
and phytol. At about the same time closer attention was paid to the proof of the identity of 
chlorophyll in different plants, and also to the isolation of pure chlorophyll and the separation 
of the two components of chlorophyll. For all this work the crystalline ethylchlorophyllide 
provided a valuable standard for colorimetric comparison 

In one investigation (with Hug, 1911) the dried leaves were made into a meal, extracted with 
benzene and then light petroleum, and then with about 1-5 1. of alcohol per kg. of meal in 2—3 
hours. The alcoholic solution was shaken with light petroleum and water, and the chlorophyll 
purity reached 33—40°% in the light petroleum; washing with aqueous methanol (90%) raised 
this to 50—-60°,, and on further washing with 95°, methanol (saturated with light petroleum) 
the purity became 70°. In this last process half the chlorophyll was dissolved in the methanol 
The alcoholic solution was washed with light petroleum, and this final solution was washed with 
water with the addition of sodium sulphate whereupon the chlorophyll was precipitated. It was 
purified by dissolution in alcohol and precipitation with brine, followed by dissolution in ether 
and precipitation with light petroleum. 0-75 G. was obtained from 2 kg. of dried nettle leaves 
containing about 15 g. of chlorophyll. 

This chlorophyll corresponded to C,;H;,0,N,Mg. It was a mixture of two components 
chlorophyll-a and chlorophyll-b. These were separated (with Isler and Hug, 1912) by a tedious 
process of distribution between light petroleum and methanol, whereby chlorophyll-a accumul- 
ated in the hydrocarbon layer and chlorophyll-b in the methanolic phase. 

Chlorophyll-a@ was finally isolated as a bluish-black microcrystalline powder, 

C3.H,,0N,Mg(CO,Me)°CO,°C,,H3,,0°5H,O, 

and chlorophyll-bas a greenish-black, microcrystalline powder, C,,H,.O,.N,Mg(CO,gMe)*CO,4*Cag Hy 
Ihese formule have stood the test of time and their establishment in such a short period of 
years represented a new level of achievement in the technique of organic chemistry. Nothing 
of this kind had been previously accomplished. It is true that Stokes had proved the co- 
existence of two chlorophylls and that Tswett separated them chromatographically on columns 
of sugar or calcium carbonate, but there is as much difference between those investigations and 
Willstatter’s as there would be between the identification of a new element with the mass 
spectrometer and its isolation in substance from a mineral. The difference between chlorophyll-a 
and chlorophyll-b is that 2H in the former are replaced by O in the latter. It is now known that 
-Me in -a is -CHO in -b. The absorption spectra of -a and -b are largely complementary and 
together cover a great range of wave-lengths in the visible region. This suggested that the 
mixture is by no means an accident but is required for more efficient use of sunlight in photo- 
synthesis. 

A similar table could be constructed to illustrate the derivatives of chlorophyll-b. 

The more complete degradation of chlorophyll derivatives was studied with Asahina (1910, 
1912) by oxidation and reduction. 
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Phylloporphyrin, pyrroporphyrin, rhodoporphyrin, and phytochlorin were oxidised by 
chromic acid or in other ways, and it was found that 1 mol. of any of them afforded 1 mol. of 
hematic acid and 2 mols. of ethylmethylmaleinimide. Since according to Kiister, and also 
Piloty, hamin yields about 2 mols. of hamatic acid and no ethylmethylmaleinimide under 
similar conditions, it followed that at most two, and possibly only one, of the pyrrole nuclei in 
the two series are similarly substituted. 


Chlorophyll-a 
Cy Hyp ON Mg(CO,Me)*CO,*Cag Hyg 


/ SS 
Hot alkali / \. Cold alkali 
| A \ 
{ dtsoChlorophyllin-a Chlorophyllin-a 
C32H ON Mg(CO,H), 
Alkali at 140 Alkali at M0 
Y Y 
Cyanophyllin Glaucophyllin 
Porphyrins | C3,H3.NyMg(CO,H), f Porphyrins 
produced ; Alkali at 170 Alkali at 165 S produced 
by action Y Y | by action 
of acid Erythrophyllin Rhodophyllin . of acid 
C,,H3,NyMg(CO,H), 
Alkali at 190 Alkali at 190 
Y Y 
Phylophyllin Pyrrophyllin * 
C,,H,,;N,Mg:CO,H } 
Xe with soda-lime 


\ 
Etiophyllin C,,H,N,Mg 
[A 


Acid | MgMel 


Aitioporphyrin 


»yhyloporphyrin) 
3 N 


Y 
I 
vHy6Ny 

* It is now known that phyllophyllin is a methyl pyrrophyllin. The degradation of pyrrophyllin 
yields eventually pyrrowetioporphyrin, C,,H3,N,y. This substance and also phylloporphyrin have 
been synthesised by H. Fischer, finally demonstrating the close relation of the plant and animal 
respiratory pigments. 


It was already known in a general way that vigorous reduction of chlorophyll gave rise to 
chlorophyll-pyrrole which was evidently similar in character to the alkylpyrroles obtained from 
the blood pigment. Malarski and Marchlewski (1910), moreover, claimed to have identified 
chlorophyll-pyrrole with hemopyrrole by preparation of the phenylazo-derivatives. The 
details submitted were not, however, quite sufficient for the purpose. 

Willstatter and Asahina repeated the reduction of hemin by means of hydriodic acid and 
phosphonium iodide (Nencki and Zaleski) and of hematoporphyrin following Piloty, and then 
applied both methods to various chlorophyll derivatives of which phylloporphyrin was found 
to be the most suitable. Three homologous pyrroles were isolated, and phyllopyrrole and 
hemopyrrole (then called tsohemopyrrole) were proved to be identical from all sources, but 
there was at first a difficulty about cryptopyrrole (then called hamopyrrole) which was soon 
resolved by H. Fischer and Bartholomaus. 

In 1913 Willstatter and M. Fischer attempted a still closer correlation of the leaf and blood 
pigments. On the incorrect working hypothesis that the difference between the porphyrins 
from the two sources was probably a question of orientation of the carboxyl groups, it was 
obviously desirable to equate the two series by removing the carboxyl groups. This was 
carried out and the investigation added much to our knowledge of hamin derivatives. The 
etioporphyrin from hamin was found to be identical with that from chlorophyll despite minor 
differences. The composition with C,, was still maintained. However, later work by H 
Fischer showed that Willstatter’s @tioporphyrin was a mixture of homologues and that pure 


etioporphyrin is Cy.HygNq. 
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The difficulties of analysis and identification need not be emphasised. It was only the 
complete synthetic survey that enabled H. Fischer to reduce this group to order in later years, 
and we may recall that he also stumbled once in this territory when he identified the first synthetic 
etioporphyrin-I with the natural product. 

Willstatter was unable to accept the Kiister formula for the porphyrins because of the 
assumed improbability of the sixteen-membered ring and he proposed a tetrapyrrylethane 
structure on which it is unnecessary to dwell. This involved awkward manceuvres to include 
two more carbon atoms. H. Fischer attempted to harmonise the Kuster and the Willstatter 
representation but in the sequel his amazing industry and brilliance not only led to the firm 
establishment of the Kuster porphin ring but also to the synthesis of hamin and probably to the 
full elucidation of the constitution of the chlorophylls-a and -b. With these later developments 
we are not concerned and that they have a pioneering character we shall not deny, but will only 
claim that Willstatter cleared a part of the way, and that where the obstacles could only be 
removed by a giant 

It was realised that, apart from the two ester groups, a carboxyl group was latent in 
chlorophyll; Willstatter thought it likely that the substance was a lactam. We now know that 
the third carboxyl is set free by hydrolysis of a $-keto-ester group 

The study of the chemistry of phytol was begun by Willstatter, who at one stage suggested 
that it might be related to isoprene. 

It was not until 1928 that F. G. Fischer finally showed that it is indeed a member of the 
diterpenoid group possessing the constitution : 


Me,CH-CH,°CH,CH,*CHMe-CH,CH,:CH,CHMe:C HyCHyC Hy*CMe=CH-CH,OH. 


In 1913 Willstatter and Stoll published a book entitled ‘* Untersuchungen iiber Chlorophyll,”’ 
and a Lecture on this subject delivered to the Deutsche Chemische Gesellschaft on April 25th, 
1914, will be found in Ber., 1914, 47, 2831. 

Carbon assimilation in the green leaf.* The researches (1915-—18) of Willstatter and Stoll 
on the role of chlorophyll in carbon assimilation were a natural sequel of the discovery of the 
nature of the pigment and especially of its content of magnesium. The suspicion could hardly 
be avoided that iron in hamoglobin, and magnesium in the plant chromo-protein, have analogous 
but complementary functions. It was found that photosynthesis could not be effected by 
isolated chlorophyll and that the rate of assimilation was not proportional to the chlorophyll 
content. A co-operating enzymic process was postulated and it was thought that this might 
be concerned with the decomposition of a chlorophyll-carbon dioxide compound with liberation 
of oxygen. 

They found that chlorophyll was not the limiting factor in the process but also that abundant 
chlorophyll facilitated an increase of photosynthesis with rise of temperature 

We know far less of the chlorophyll—protein complex than we do of hemoglobin. It is 
certainly a loose and variable combination and all the results already mentioned and many 
others of similar character appear to be explicable if it is the chromo-protein as a whole which is 
responsible for carbon assimilation. The analogy of haemoglobin supports this view. By using 
an apparatus in which carbon dioxide was passed over leaves contained in an illuminated glass 
vessel and with every condition in control, it was found that the quotient, CO, absorbed /O, 
evolved, was strictly unity at various temperatures, and at various concentrations of oxygen 
or carbon dioxide, and with leaves from several kinds of plants 

This was held to support the view, first propounded by Baeyer in 1870, that formaldehyde 
is the first product of photosynthesis. The quotient for formaldehyde is 1, whereas it is 1-33 for 
glycollic acid, 2 for formic acid, and 4 for oxalic acid. The statement has been made that 
glycollic aldehyde is the only other compound that can give the ratio unity. There is, however, 
an unlimited number of such compounds. All we need is nCO, +H,O —-> C,H,,0, + nO, 
The quotient is therefore unity for all carbohydrates and substances like acetic acid, lactic acid, 
orsellinic acid, phloroglucinol, etc., which have the same state of oxidation as a carbohydrate 

In 1917 Willstatter and Stoll found that carbon dioxide decomposed chlorophyll in colloidal 
solution with formation of magnesium hydrogen carbonate and pheophytin. Evidence was 
obtained, however, that an intermediate product was formed in which the chromophoric group, 
magnesium, and carbon dioxide were bound together 

It was also found possible to regenerate chlorophyll and carbon dioxide from this inter- 
mediate. The conclusion that a similar process operates in the leaf would appear to be irre- 

* A complete account is contained in Willstatter and Stoll’s ‘‘ Untersuchungen iiber die Assimilation 
der Kohlensaiire,”’ Springer, Berlin, 1918. 
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sistible, but ditferences in the circumstances were noted. Once again a chromo-protein must be 
evoked to help us to understand the contrast in behaviour of chlorophyll im vitro and in vivo. 
The hypothesis was advanced that the photosynthetic process in the leaf is an action of 
light on the compound of carbon dioxide and chlorophyll, whereby a peroxide is produced 
capable of parting with oxygen in the gaseous form. The transformation below was considered 


feasible. 
\ N 
Mg + CO, + H,O —> Mg—O:CO,H — > 
N N 
f 7H 
. ‘ 
N sO N 
4 Mg—O—CH, | > Mg + CH,O + O, 

N () N - 
HH i 


Carotenoids.—The preliminary extraction of stinging nettle leaves with light petroleum gave 
a yellow solution and the pigments responsible for the colour were separated and examined. 
Similar substances had been previously described but Willstatter may be said to have initiated 
the modern phase of the study of the carotenoids, so ably carried further by two of his pupils, 
Kuhn and Zechmeister, as well as by Karrer, Heilbron, and others. 

In 1907 Willstatter and Mieg showed that leaf carotene is identical with the already known 
substance from carrots and they found by analysis and molecular-weight determination that the 
formula is C,,H,;,, and not C.,H, as suggested by Arnaud many years earlier. Many interesting 
new properties of carotene were recorded, including its autoxidation and the formation of a dark 
violet, crystalline iodide. 

A second substance separated from carotene by partition between partly immiscible solvents 
was termed xanthophyll, CyyH;,0,, which also formed a violet iodide and on aerial oxidation 
gave a microcrystalline substance C,jH;,0,,. Later (with Escher, 1910) carotene and xantho- 
phyll were each shown to yield derivatives with 22 atoms of bromine, but it is doubtful whether 
the compositions of these substances were accurately ascertained. Willstatter’s carotene, m. p. 
170°, was later shown to be a mixture of isomerides. He was the first to notice that an odour of 
violet roots developed on exposure of carotene to oxygen. 

Lycopene, the colouring matter of the tomato, had been studied by Millardet, Schunck 
(who established its separate identity), and Monteverde. Willstatter and Escher showed that 
it is isomeric with carotene, more sensitive to oxygen, and reacting with bromine to give 
Cy)H4,Bry.,. The di-iodide was formed as a dark green precipitate. 

In 1912 the same authors proposed a division of the pigments of these types into two groups, 
namely, the pigments soluble in light petroleum and those more readily soluble in the simple 
alcohols. Carotene and lycopene belong to the former type, and xanthophyll to the latter. 

A new representative of the xanthophyll group was discovered in lutein, the colouring matter 
of the yolk of eggs. Lutein was found to be isomeric with xanthophyll and to have a similar 
absorption spectrum. Several of its properties and derivatives were described. 

Many other workers had studied xanthophyll or preparations containing xanthophyll but 
it was not until Kuhn, Winterstein, and Lederer (1931) examined xanthophyll from various 
sources by means of chromatographic analysis that the true position was made clear. Xantho- 
phyl! from all these sources was separated into two distinct compounds of which the more 
abundant was called “ lutein ’’ in agreement with Willstatter. The term xanthophyll is more 
generic. Willstatter and Stoll (1918) were unable to detect any influence of the carotenoids on 
the process of photosynthesis. In autumnal fading the carotene diminishes but the xanthophyll 
appears to increase in relative amount. 

Willstatter did not discover the carotenoids or determine the constitution of any one of them 
He was content to make a fundamental contribution that greatly facilitated the work that 
followed so very quickly and has resulted in the writing of a fascinating chapter of Organi 
Chemistry. 

The Red, Purple, and Blue Colouring Matters of Flowers, Fruits, and Leaves.—The isolation 
of the anthocyanins and the study of their chemistry are among the finest of Willstatter’s achieve- 
ments and display his genius in a very clear light. It is necessary to recall that the instability 
and variety of the flower pigments were not attractive to those in search of easy conquests and 
it is curious that not even any of the dyestuff chemists, familiar with the properties of basic 
dyes such as the azines, had the least inkling of the nature of these substances. The Lecturer 
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remembers that the late V. J. Harding in 1907 asked for his views on the subject. Without any 
consideration the reply was that they were probably azo-dyes because nothing else could have 
the range of shade 

The only difficulty was in overcoming the initial resistance and once the chemical type was 
located, the whole field lay open. To the conqueror of chlorophyll it was something like a 
chemical massacre. Excellent accounts of the subject are to be found in texts such as Perkin 
and Everest’s ‘* The Natural Organic Colouring Matters,’ Longmans Green, 1918, or Mayer and 
Cook’s “ The Chemistry of Natural Colouring Matters,’ Reinhold Publ. Corp., A.C.S. Mono- 
graphth No. 89, 1943. 

The first observations on the colour of flowers were made by Robert Boyle in 1664 who 
wrote in his ‘‘ Experiments and Considerations touching Colours’: ‘‘ Take good Syrrup of 
Violets, Impraegnated with the Tincture of the flowers, drop a little of it upon a White Paper 

and in this Liquor let fall two or three drops of Spirit of Salt or Vinegar, or almost any 
other eminently Acid Liquor and upon the Mixture of these you shall find the syrrup imme- 
diately turned Red. ... But to improve the Experiment let me add what has not 
been hitherto observed . .. namely that of instead of Spirit of Salt... you drop upon 
the Syrrup of Violets a little Oyl of Tarter per Deliguium or the like quantity of Solution of 
Potashes and rub them together, you shall find the Blue Colour of the Syrrup turned in a moment 
into a perfect green. This green colour is produced from a yellow due toa flavonol and froma 
blue due to an anthocyanin. The indicator character of anthocyanins was also noted by Nehemiah 
Grew (1682). After that we have to wait for Berzelius who in 1837 attempted the isolation of 
certain of the pigments and used the method of precipitation of lead salts and regeneration with 
hydrogen sulphide. The work did not lead to the preparation of any pure substance but this 
process was later used by Willstatter in certain cases. Morot (1850) attempted the preparation 
of the cornflower colouring matter by precipitation of its aqueous solution with alcohol, the first 
stage in the method later developed by Willstatter and Everest. Glenard (1858), Heise, and 
also Glan (1889-94) attempted the separation of pigments from the various sources by Ber- 
zelius’ method or a slight modification thereof (use of ethereal hydrogen chloride to decompose 
the lead salt) and the outcome of these investigations was to indicate the absence of nitrogen 
and, in the case of Heise’s work on the bilberry, to recognise that glucosides constitute at least a 


part of the colouring substances. 

Griffiths in 1903 obtained crystalline colouring matters from the scarlet pelargonium and 
verbena flowers, but his record of their composition and properties was quite erroneous. 

Molisch (1905), who was a botanist, described crystalline anthocyanins (a term introduced 
by Marquart in 1835) im situ and gave readily followed instructions for the preparation of such 
substances outside the plant, although on a small scale. He expressed the view that the 
anthocyanins were glucosides. Grafe (1906—11) repeated Molisch’s experiments on a large 
scale and in the case of the scarlet pelargonium had in his hands at one time no less than 10 g. 
of crystals. The formula, C,,H,,0,3, which was advanced for this material bears no obvious 
relation to the truth, though the analyses on which it was based were not necessarily incorrect 
Presumably the material was a salt and the nature of the acid was not ascertained. 

When Willstatter left Ziirich for Berlin he took with him Arthur E. Everest whom he 
describes as an indefatigable collaborator. Their first paper on the anthocyanins in general, 
and the cornflower pigment in particular, established the main lines of the subsequent investiga- 
tions. Unfortunately the cornflower proved one of the most intractable of sources and gave 
much more difficulty than its successor in the laboratory. It was shown that the pigment in the 
flowers was a blue potassium salt * and that the free colouring matter is violet. The red form 
obtained on addition of acid was recognised as an oxonium salt, and the anthocyanins were 
found to be most stable in this red salt form. In solution at appropriate pH many anthocyanins 
are decolorised. Willstatter and Everest found that this was due to fpseudo-base formation 
and were able to restore the colour by the addition of acid. As already stated, concentrated 
aqueous solutions of the pigment were fractionally precipitated by alcohol and the process was 
repeated several times. The blue product was converted into the chloride by dissolution in 
alcoholic hydrogen chloride, and the salt fractionally precipitated by ether. The amorphous 
product was crystallised by slow evaporation of an aqueous-alcoholic hydrochloric acid solution. 

The blue salt from the earlier stages was found to be a potassium salt and this was later 
obtained in fine hexagonal tablets. 

* Strictly speaking this is not quite exact. It was shown that the potassium salt could be obtained 


from the flowers. The pH of the sap is on the acid side of neutrality and the actual condition of the 
pigment is influenced by the presence of colloids and surfaces 


1014 Robinson : Whallstatter Memorial Lecture. 


rhe crystalline chloride was called cyanin chloride and proved to be a diglucoside of cyanidin 
chloride. The hydrolysis could be effected by short boiling with 15—20°, hydrochloric acid, 
and the glucose could be estimated after removal of the insoluble aglycone, cyanidin chloride 
This was the first of the sugar-free salts to be isolated; the generic term is ‘‘ anthocyanidin.”’ 

Willstatter and Everest found that amyl alcohol extracted cyanidin chloride completely from 
aqueous acid solution but only a small proportion (1-8°,) of cyanin chloride, the beginning of an 
extremely useful practical method of separation and identification. 

Monoglucosides, rhamnoglucosides, and acyl glucosides were later encountered and each had 
its characteristic distribution number, which is the percentage that passes to the amyl alcohol 
under standard conditions. Diglucosides gave distribution numbers of about 1—2, mono- 
glucosides from about 8 to 40, rhamnoglucosides about 5—10, and some acyldiglucosides as much 
as 50—60. Willstatter and Everest ascribed the formula C,,H,,0,,Cl,3H,O to cyanin chloride 
and C,,H,,0,Cl to cyanidin chloride, but stated that they were not satisfied, since further 
analyses had given lower figures for carbon. Further investigation was promised. In the 
meantime a comparison was made with brazilein, C,,H,,.O,, and hematein, C,,H,.O,; it 
seemed that cyanidin base could be the next member, C,,H,.0,. 

However, this speculation was soon abandoned with the extension of the research, from 
which it transpired that cyanidin chloride is C,;H,,O,Cl,H,O and other anthocyanidins were 
later found to be based on C,,, or if not to contain methoxy-groups. The necessary correction 
was made in 1914. 

Willstatter showed admirable intuitive judgment in his choice of flowers for examination 
He found that he had been greatly helped by the florists whose selection and improvement of 
garden varieties had resulted in a large increase of the percentage of pigment. Occasionally it 
was as much as 20°, of the weight of the dried petals. In such cases much simpler methods 
were feasible. For example, the deep red dahlia affords cyanin chloride by a method which is 
little more involved than a direct crystallisation from aqueous-alcoholic hydrochloric acid. 

Among the more important contributions were those of Willstatter and Nolan (1915) who 
isolated cyanin chloride, C,,H,,0,,Cl, from the petals of Rosa Gallica, of Willstatter and Bolton 
(1915) on pelargonin chloride, C,,H,,0,,;Cl, from the scarlet pelargonium, and of Willstatter 
and Mieg (1915) who obtained delphinin chloride C,,H,,0,,Cl from the wild purple larkspur 
Pelargonin gave pelargonidin chloride, C,,H,,O;Cl, and two molecules of glucose, on hydro 
lysis with 20°, hydrochloric acid, whilst delphinin chloride * similarly afforded delphinidin 
chloride, C,,;H,,0,Cl, along with two molecules of glucose and two of p-hydroxybenzoic acid 
The three anthocyanidins, pelargonidin, cyanidin, and delphinidin were joined by certain 
methyl ethers, such as peonidin (O-methylcyanidin), but no new fundamental type was en- 
countered in Willstatter’s work, provided we exclude the nitrogenous anthocyanins which are 
mentioned below. 

The first monoglucosidic anthocyanin to be isolated was oenin chloride, C,,H,;O0,,Cl, from the 
skins of purple-black grapes (Willstatter and Zollinger, 1915—16). On hydrolysis this gave 
oenidin chloride, C,;H,;0,Cl, which is now recognised as a type of very common occurrence 
It proved to be a dimethyl ether of delphinidin chloride and could be converted into that sub- 
stance by demethylation with hydriodic acid in the presence of phenol and treatment of the 
resulting delphinidin iodide with silver chloride. This anthocyanidin is now termed malvidin 
chloride; it was also obtained by hydrolysis of malvin chloride, a diglucoside from Malva 
sylvestris L. (Willstatter and Mieg, 1915). 

Willstatter and Burdick (1917) separated the diglucoside, petunin chloride, from petunia 
hybrids (Karlsruher Rathaus) and found that the anthocyanidin was a monomethyl ether of 
delphinidin. Previously the colouring matter of the paeony had been recognised by Willstatter 
and Nolan (1915) as a diglucoside of a monomethy] ether of cyanidin. The constitutions of 
these methyl ethers were established by degradative and synthetic studies by later workers and 
Willstatter described malvidin under more than one name Ampelopsidin, for example, has no 
separate existence. However the work on petunidin has been fully confirmed by synthesis. 

A further development was the isolation of an isomeride of cyanin from the common red 
poppy (Papaver rhoeas). This mecocyanin was purified through the sparingly soluble ferro- 
cyanide. The monoglucosides of pelargonidin and cyanidin were found together in the aster 
(with Burdick, 1917), and the latter in chrysanthemum flowers (with E. K. Bolton,t 1917) 

* The true analogue of cyanin in the delphinidin series is delphin chloride, C,;H,,0,,Cl, later isolated 
by Scott-Moncrieff and the Lecturer from Salvia patens. 

+ Later Director of Chemical Research, Dupont Nemours & Co., Wilmington, N.J. The photograph 
reproduced facing p. 999 was taken by Dr. Bolton in the period of the anthocyanin work, and the 
Lecturer is very grateful to him for copies of it 
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rhe Lecturer is proud of his small association with Willstatter in a paper claiming the identity 
of asterin and chrysanthemin. The crucial comparison of both specimens with the synthetic 
anthocyanin was performed in his presence at Manchester University and consisted in a deter- 
mination of the distribution ratio. His scrutiny of the microscopic sediment in the 10-c.c 
flask and the gesture accompanying ‘‘ You can take it now "’ is well remembered. Chrysanthe- 
min was also obtained by partial hydrolysis of mecocyanin. A monogalactoside of cyanidin 
was found in the cranberry (with Mallison, 1915); it was termed idaein. Rhamnoglucosides of 
cyanidin (with Zollinger, 1917) and delphinidin (with Weil, 1917) were also purified. The former 
was found in the skins of cherries and plums, and the latter in Viola tricolor. It is probable that 
Willstatter’s keracyanin and prunicyanin are identical with each other and also with Scott- 
Moncrieft’s antirrhinin from red snapdragons 

When the C,, skeleton of the anthocyanidins was established, the relation to the flavones and 
tlavonols became apparent, especially as fusion of the anthocyanidins with potash had afforded 
phloroglucinol in every case and p-hydroxybenzoic acid, protocatechuic acid, and gallic acid 
from pelargonidin, cyanidin, and delphinidin respectively 

The salts were clearly pyrylium salts, the oxygen analogues of the pyridinium salts, and a 
group which had been established by Werner. Willstatter did not refer to this but always 
quoted Decker whose work of 1907 was more familiar to him. It was indeed more strictly 
applicable since it concerned benzopyrylium salts, whereas Werner's were dibenzopyrylium salts 

For pelargonidin chloride the two constitutions (XX XIX) and (XL) were suggested in 1914 
as possible. Here the o-quinonoid structure was given preference in harmony with a suggestion 
by Perkin and the Lecturer. It may be that (XL) showed a lingering influence of the brazilin 
structure. Decisive evidence in favour of the flavylium structure (XXXIX) was provided by 
the reduction of quercetin to cyanidin (with Mallison, 1914) which was accomplished by mag- 
nesium in aqueous-methanolic hydrochloric acid. There results a relatively large proportion 
of sparingly soluble cyanidin-like material, probably derived from a pinacol, and about 4%% 
of pure cyanidin chloride. The validity of this work was challenged by Nierenstein on in- 
sufficient grounds; the Lecturer was able to reproduce the results in every detail 
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The siting of the hydroxyl group at position 3 followed from the non-identity of cyanidin 
chloride with luteolin hydrochloride. The constitution of pelargonidin (XXXIX) was con- 
firmed by a synthesis (with Zechmeister, 1914), eventually extended to that of cyanidin (with 
Zechmeister and Kindler, 1925). Phloroglucinaldehyde was condensed with sodium methoxy 
acetate and methoxyacetic anhydride to a coumarin derivative which was hydrolysed and 
methylated to 3:5: 7-trimethoxycoumarin (XLI). This reacted with p-methoxyphenyl- 
magnesium bromide to give a pseudo-base from which pelargonidin tetramethyl ether chloride 
(XLII) could be obtained. The final stages were demethylation with hvydriodic acid and 
conversion of pelargonidin iodide into pelargonidin chloride 
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Willstatter has told us that the enforced cessation of his anthocyanin work gave him great 
pain. His memory of Dahlem was chiefly of flowers and their colour, but after the outbreak of 
the first Great War he was unable to continue his labours of love 

The team was dispersed and the flowers went to the hospitals. He then became engrossed 
in the study of enzymes and never attempted any further work on flower pigments. P. Karrer 
made important contributions especially by the discoveries (with Widmer, 1927) of hirsutin in 
Primula hirsuta which gives on hydrolysis a new trimethyl! ether of delphinidin (3°: 5’: 7), of 
monardaein from Monarda didyma, which is a complex derivative of pelargonin affording 
p-hydroxycinnamic acid on hydrolysis, and of gentianin from Gentiana acaulis, which gives on 
hydrolysis one molecule each of delphinidin, glucose, and p-hydroxycinnamic acid. 
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The Lecturer developed the synthetic method which he had discovered in 1906 when working 
with Perkin. This is the same method as that of Decker whose work was simultaneous and 
independent. 

By various refinements of technique and preparation of the most suitable intermediates this 
general synthesis, the condensation of salicylaldehydes with ketomethylene compounds, was 
found capable of fulfilling all requirements, and all the anthocyanidins as well as many antho 
cyanins were synthesised. Having squatted on the property it was satisfactory, as well as a 
great honour, to receive a legal title in the appointment of residuary legatee, which was con- 
tained in the foreword to the collected papers on enzymes (1928). No attempt can be made to 
describe the later work on anthocyanins. Once again the identity of synthetic cyanidin 
chloride with the product from natural sources was questioned by Malkin and Nierenstein (1928). 

The preparations from both sources were kindly repeated by Prof. R. Kuhn and by Dr. 
T. Wagner-Jauregg, who found that they were identical (1928). Other relations of importance 
are the catalytic reduction of cyanidin to (-+)-eprcatechin (Freudenberg, 1925), the conversion 
of (+-)-catechin into cyanidin (Appel and Robinson, 1935), and the reduction of flavonols to 
anthocyanidins by lithium aluminium hydride (Mirza and Robinson, 1950). Willstatter and 
also Everest, in this case independently, were interested in the possible relation of anthocyanin 
and anthoxanthin pigments in flowers but there does not appear to be much statistical evidence 
in favour of this relation interpreted in its most direct sense. It seems more probable that 
flavonol and anthocyanin are produced in parallel, probably along the same path for a part of 
the way. Very little is known with certainty in the field, but genetic studies by Scott-Moncriett 
and Lawrence favour this hypothesis, and moreover the co-existence of related anthoxanthins 
and anthocyanins is the exception rather than the rule. 

The three main types, so quickly uncovered by Willstatter and his colleagues, remain and 
the small number of exceptions proves the rule. A rather complete survey of anthocyanins 
made in collaboration with Lady Robinson and J. R. Price has only brought to light one new 
type, namely, gesnerin from Gesneva fulgens which is related to apigenin. The colour-base of 
such an anthocyanidin lacking the hydroxyl in position 3 is also recognisable in carajurin, a 
cosmetic pigment used in former times by denizens of the Orinoco (A. G. Perkin, Chapman, and 
Kobinson, 1927) and is probably derived from the anthocyanin of a species of bignonia 

Willstatter was aware that new anthocyanins occurred in certain papaveraceae, e.g., Papaver 
alpinus, and another probable source of new types is the young fern frond (Price, Robinson, and 
Sturgess, 1938). But the chief novel type is that of the nitrogenous anthocyanin which Will 
statter recognised in the beet pigment, in Atriplex, and in Celosia. 

He started work on betanin from Beta vulgaris but it is doubtful what relation the product 
obtained had to the original pigment. A novel method was worked out for this purpose, namely, 
extraction with a mixture of amyl alcohol, acetophenone, and dichloropicric acid. The only 
description available is in a thesis by Schudel. Eventually betanin or a degraded pigment, 
or an ethyl ester of either, was crystallised and analysed. The results showed that two nitrogen 
atoms were contained in the molecule. Work at Oxford (with Ainley, 1937) confirmed the 
nitrogen content and has now been resumed. 

The Lecturer is aware that this account of Willstatter’s researches on flower pigments is 
very incomplete but it is necessarily so on account of the rich content of his work. Almost 
everything would be worthy of mention. 

Miscellaneous Chemical Studies.—Very early in 1893, Willstatter prepared cyclopentene- 
carboxylic acid by the action of alcoholic sodium ethoxide on ethyl «x’-dibromopimelate. The 
reaction is similar to the well-known method of formation of caronic acid from ethyl bromo 
dimethylglutarate. It could not be extended to the cyclohexane series. The catholicity of his 
interests emerges from the following list of topics. Action of sodium on ethyl malonate (con- 
tinuation of work initiated by Baeyer) ; derivatives of diaminoacetic and malonic acids; form- 
ation of a hydrocarbon, C,.H,,, from quinitol (with R. Lessing); syntheses of hygric acid 
ecgonic acid; ornithine and other amino-acids; hydrogen peroxide of crystallisation; the 
action of hydrogen peroxide on sodium thiosulphate; the separation of gold from platinum 
(ether quantitatively extracts the gold chloride and no platinic chloride from an aqueous 
solution) ; the theory of dyeing; use of Caro’s acid; several papers on betaines (observation of 
wandering of alkyl from oxygen to nitrogen) ; lecithin; estimation of glycerol in fats; sparteine ; 
pyrones; thioformamide; calcium and magnesium content of seeds; estimation of small 
quantities of iron; reduction of lignin and carbohydrates by hydriodic acid and phosphorus ; 
alkalimetric estimation of amino-acids and peptides; volumetric estimation of acetylene ; 
vinylacetylene; hydrolysis of cellulose. 


'1953 Robinson: Whalstatter Memorial Lecture. 1017 


We may pause here to remark that this work with Zechmeister on cellulose in 1913 has been 
made the basis of a technical process. E. Berl (1942) has remarked that the so-called Bergius 
process for the saccharification of wood should be called the Willstatter process. The funda- 
mental observation was the rapid dissolution of cellulose by hydrochloric acid containing 40 
41°, of hydrogen chloride in contrast to the slow action of the usual concentrated acid. With 
lduisberg in 1923 he studied the preparation and pharmacological properties of trichloro- and 
tribromo-ethyl alcohol, which have found uses in practical medicine as narcotics. 

To resume, he also wrote on indigoids from halogenated naphthols (interesting in colour 
photography); nitrourea; the rearrangement of naphthaquinone phenylhydrazones; acetone 
compounds from «-hydroxy-acids; the constitution of purpurogallin; and, strange to say, on the 
blue colour of sea water. This is worth noting because it is the unique instance of a Willstatter 
speculation not backed by his own experimental work. He thought the colour might be due 
to copper ammines 

Research on Enzymes.__The Lecturer wlll attempt only a brief review of this work, partly 
because he is not competent to estimate its net value or to appraise the relative significance and 
promise of different sections of the voluminous records. He is very unhappy to be under this 
necessity because it is so obvious that Willstatter himself attached the greatest possible im- 
portance to this phase of his life’s work. His first contact with the new interest was probably 
concerned with chlorophyllase to which reference has already been made. Then from 1918 
onwards he was actively engaged with a large number of collaborators in investigating the 
purification and properties of a variety of enzymes including glucosidases, lipases, proteinases, 
and peptidases, and the peroxidase of horseradish. His co-workers included A. Stoll, R. Kuhn, 
E. Waldschmidt-Leitz, and kK. Linderstrom-Lang, to mention only a few of those who have taken 
the highest rank among chemists and contributed much to biochemistry. The chief resource 
for the separation of many enzymes was adsorption on alumina, silica gel, or other solid ad- 
sorbent with subsequent elution at different pH’s or with other change of solvent. 

With characteristic thoroughness he studied the preparation of suitable adsorbents in great 
detail. For example, in the case of aluminium hydroxide, four different primary products were 
distinguished according to the method of precipitation and these had different uses. The 
meta-compound, AlO,H, was found to have the most selective action as adsorbent. It has 
indeed been found possible to separate enzymes from one another by adsorption. The pan- 
creatic mixture of lipase, trypsin, and amylase was an early example. Lipase was adsorbed 
by y-alumina and afterwards the trypsin was taken out by kaolin. Amylase was the most 
resistant to adsorption. Unfortunately his methods of purification, though they appeared to 
give startling increases of activity (1000 and more) were not really adequate for the full 
purpose. They have nevertheless been of immense service to subsequent investigators. Will- 
statter was obsessed by the idea that the enzymes consisted of some active substance, possibly 
of relatively small molecular weight, associated with a protein or other macromolecule. As the 
stability of his preparations decreased with increased activity, he was led to believe that the 
isolation of the active moiety was not possible. There was enough difference between this 
conception and the modern view to make it unlikely that he could have hit on the truth that the 
enzymes are proteins themselves and that, if there is a localised active group, it is a part of the 
protein molecule. He did, indeed, discuss this conception. So far as the Lecturer is aware 
he did not even try to crystallise an enzyme and that was due to his preconceived, or perhaps 
better, his growing conviction that they were not chemical substances, but chemical systems 

Nevertheless he was able to make fundamental contributions to our knowledge of the 
general properties of enzymes and to their accepted interpretations in terms of specificity, 
competition of substrates, competition of inhibitors with substrates, activators, non-competitive 
inhibition, and effects of changes of temperature and pH. The crystallisation of certain 
proteins, including physiologically active ones like insulin, followed by the crystallisation of 
recognised enzymes by Sumner (1926), and by Northrop, showed that Willstatter’s working 
hypothesis was incorrect, though he himself remained unconvinced. A definite disadvantage 
of his theory was that it made it impossible for him to distinguish chemically between enzyme 
and impurities of a similar nature. Although therefore we must be grateful for an immense 
amount of spade-work which facilitated the labours of others and made real contributions to 
knowledge, the glittering treasure was not uncovered. 

The Faraday Lecture of 1927 was entitled ‘* Problems and Methods in Enzyme Research ”’ 
and a perusal of this shows how near Wlllstatter came to the position we now consider to be 
correct. ‘‘ There is no sure method available for freeing the enzymes from the protein deriv- 
atives. However, ifacertain enzyme in isolated cases could be freed quantitatively from accom- 
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panying proteins this might be considered a sufficient demonstration that this enzyme neither is 
protein nor requires protein for its activity. Nevertheless the tenacity with which proteins 
cling to enzymes has threatened again and again to impose the conclusion that the enzymes are 
of protein character.”’ Finally it should be noted that Willstatter did not regard all his colloidal 
carriers as proteins and it would perhaps be unwise even now to declare that all enzymes are 
proteins, unless we make them such by definition. 


Willstatter was inclined to think it not improbable that his ancestors came to Germany with 
Roman Legionaries but his real knowledge starts with his grandfather’s greatgrandfather, known 
as Rabbi Ephraim, who came from the Alsatian country of Hanau-Lichtenberg to Karlsruhe 
His grandfather was a doctor and his father Max (1840—1912) was the eldest of five children. 
After an apprenticeship in the wool trade he went to England and worked for several years in 
Nottingham. In 1870 he married Sophie, the daughter of a prosperous wool merchant, but in 
1883 went to New York and, as his son has recorded with candour, not only in the hope of 
improving his finances but also to escape the boredom of Karlsruhe. He left Richard with his 
mother in Niirnberg and stayed away for no less than seventeen years. He was a handsome and 
lively man and returned at the age of 60, somewhat tired by toil and trouble, too fond of 
smoking, and with a weak heart. In 1900 Willstatter’s parents came to Munich and he rejoined 
their household until his marriage. Willstatter’s father, who helped his son by copying manu- 
scripts, lived for ten years after his return from America, and his mother for sixteen and a half 
years longer. She died in 1928 and hence saw the triumphs of her son’s career. 

Richard was born at Karlsruhe on August 13th, 1872, and the first ten years of his life 
were spent there in very much the same way as by other intelligent children with happy 
homes and interesting surroundings. At the age of six he made a collection of minerals and 
at twelve he was quite sure that he wanted to study chemistry, but this was a spontaneous 
decision and nobody seems to have given him the slightest encouragement or direction. When 
he was only a little older he experienced the effects of anti-semitism. Groups of urchins in 
Karlsruhe attacked with abuse, and even stones, a Jewish child who ventured to walk alone 
Although he escaped brutal punishment himself, his account of the school that he attended in 
Karlsruhe reads like a chapter of ‘‘ Nicholas Nickleby.’’ In 1881 he entered the gymnasium, 
described as an excellent institution beautifully situated near the forest, but his first few months 
were unhappy, chiefly because he was quartered with an aunt who lived in somewhat poor 
circumstances “ principally on potatoes and somewhat bad ones.’’ But this was only occasioned 
by the scarlet fever of his brother and all was well when he returned home and his report stated 

‘apparently trying to improve his writing.” 

After the move to Niirnberg he was again less happy; he found the school requirements 
severe, his teachers unfriendly, and the anti-semitism more acute than in Karlsruhe. In Niirn- 
berg it was no longer a question of hooligans but of the middle class, the sons of professional men 
and shopkeepers. He was depressed too by his unusual family circumstances, the inexplicable 
absence of his father—and they made fun of his dialect. Progress at school was slow except in 
arithmetic, history, and geography. But Latin was much more important and this was far from 
being his favourite subject. A family council decided to transfer him to the Realgymnasium with 
a view to a commercial career; at the same time his brother was to haunt the academic groves 

But soon he began to study chemistry and it was his brother who became a business man ! 
He stayed six years at the Realgymnasium where he was fortunate to come under the influence 
of enthusiastic teachers, far superior, he said, in their sense of duty to any he later encountered 
in University life. One gathers from ‘“‘ Aus meinem Leben ”’ that the young Willstatter was a 
very thoughtful but introspective boy, he could not understand why proficiency in science 
made him unpopular with his school-mates, whereas achievement in sport or singing was always 
applauded. And he goes on to reflect that ‘‘ some nations do not sufficiently understand that 
wars are won, not only by strengthening the health and vigour of the masses, but much more by 
individual intellectual achievements in the preparation and conduct of the war.’’ Which 
nations could he have had in mind? About the middle of this period he became desperately ill 
with diphtheria which attacked the central nervous system and produced widespread paralysis. 
There was little hope of recovery but he rallied and after six months rejoined his classes, only 
to become a victim to scarlet fever, followed by inflammation of the kidneys. This was his last 
serious illness. 


A little later he joined the Unterprima and Oberprima and for the first and last time took 
full part in the dances, drinking bouts, and smoking concerts which were obligatory and a kind 
of immature imitation of what these young students thought went on in the Universities 
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When he entered the Oberprima he made his first holiday trip alone and thorcughly 
conquered Upper Bavaria, both the cities and the mountains. Never before or since, he writes, 
did I have such a glorious time. 

As a result of the Final Examination he was recommended for admission to the Royal 
Maximilianeum, a beautiful, well endowed Institution where a number of graduates from 
Bavarian schools were given special help to further their studies 

On the ground of religion only, the application was refused 

With strong leanings towards medicine which curiously enough were evinced as late as his 
early Ziirich days,* he had early decided to devote himself to chemistry and went to Munich 
in October 1890 to study at the University and also to attend lectures at the Technische Hoch- 
schule. Here he found a little living room, which was clean and neat, and was generally looked 
after by an uncle, Emil Ulman, only two years his academic senior and a law student. His 
companions, partly for this reason, were all older than himself; they never discussed their studies, 
and posed as men of leisure. Very soon he decided to give up regular social distractions and 
to work harder than heretofore. Nevertheless he continued a very broad course of study and 
took full advantage of his opportunities for wide reading, conversation, and attendance at the 
opera, the theatre, or the thrilling Lieder recitals of Hermine Spies. 

In his first year he attended far too many lectures and was not impressed by their quality 
He was also pained by the “ indescribably disturbing and merciless behaviour of those medical 
and pharmaceutical students who attended scientific lectures.”’ 

We seem to have heard of analogous phenomena in other places. 

At the Technische Hochschule a leading teacher was Dr. K. Daniel, and Willstatter was 
privileged to help him in the preparation of large amounts of anhydrous prussic acid from 
potassium ferrocyanide. This was done on Sunday morning and one day he tried to replace the 
formula Fe(CN),*4IXKCN by a more modern one. Dr. Daniel saw his efforts in the notebook and 
was angry: ‘“‘If you wish to waste your time with such trifles you should go to Professor 
Baeyer,”’ he said. This advice was gladly followed 

On entering the laboratory in the Arcisstrasse he felt that all his difficulties lay behind him 
and he was happy to be on the straight road to his objective. In his second semester he had 
completed preliminary work and was ready for the organic laboratory but there was again 
no place for him 

He had passed an examination in analytical and inorganic chemistry and to his surprise was 
immediately examined by Baeyer in organic chemistry. He failed, but after a very short period 
applied for further examination and, although the Professor was surprised, he passed the 
candidate. There was still no place in the laboratory 

Then on a geological excursion the ill-equipped student lost his footing on a snowfield of the 
Sojen Mountain, was struck several times on the head, and in the side, but eventually escaped 
with broken ribs and an injured lung. His doctor was a young man called Stubenrauch who 
became a lifelong friend and who had himself a predilection for chemical experiments. For 
example, he noted a reaction between silver nitrate and iodoform with evolution of gas 
This was identified by Willstatter as carbon monoxide. The reaction was earlier noted by 
Greshoff but the name of Stubenrauch also appears in the appropriate place in Beilstein’s 
‘ Handbuch 

After the accident he was visited by Professor von Zittel who reported to Baeyer and the 
upshot was that Willstatter was allowed to begin organic elementary analysis as a part-time 
worker pending full recovery. As a result of his accident he was unable to undertake military 
service and was declared fit for this purpose only twenty-five years later, when he had already 
been awarded the Iron Cross for non-combatants. At that time Professor Wieland was declared 
fit for garrison service but it was noted that he was of more value as achemist. Neither of them 
was called up 

In his fourth semester he attended Baeyer’s lectures and in the winter of the same year 
entered the main organic laboratory. He had intended to go to Wiirzburg where Emil Fischer’s 


sugar work was attracting much attention. However an older student said to him: “ Yes 
Go to Wirzburg, it is much easier to get a Doctorate there.” Whereupon Willstatter decided 


to stay in Munich. There he came in contact with many chemists whose names are household 
words to us: Buchner, Rupe, and Bamberger were among those who taught him in the early 
years. In February 1893 he applied for the pre-doctorate examination and after taking it 
wandered about the laboratory not knowing what fate had in store with him. He longed to 


* And even later He was fond of prescribing for his friends: either calcium gluconate or one 
drop of tincture of iodine in a tumblerful of water. 
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work with Baeyer but was instead assigned to Alfred Einhorn with results which have already 
been described. 

His growth in stature in the chemical world early became obvious to Baeyer who paid him 
special attention and became his friend. He often entered the master’s laboratory where 
W. Dieckmann and then for many years the loyal Victor Villiger worked as private assistants. 
He watched Baeyer’s innumerable test-tube experiments, often consumed with doubt about the 
progress of his own, until the dinner gong sounded once, and a second time more urgently. 
He wondered whether he could simulate Baeyer, but the verdict was that he could not adopt 
the same methods; he had to work out his own salvation. However he learned to know the 
great man, for whom he had so much admiration and respect that there was less room for warmth 
of affection. 

In 1893 Johannes Thiele succeeded Bamberger as Associate Professor and head of the 
Organic Department and Baeyer offered Willstatter, then twenty-two years of age, a post as 
private assistant to Thiele and, when this proved unacceptable, to himself. This was also 
refused with some trepidation but Baeyer was not in any way annoyed and approved the plan 
to study cocaine by way of tropine. 

For highly interesting recollections of J. Thiele, E. Buchner, W. Konigs, V. Ipatieff, M 
Gomberg, I*. Blau, P. Walden, and many others, reference must be made to ‘“‘ Aus meinem Leben.” 

Independent work started in 1894 and in 1896 he became Privatdozent. This position had 
its minor drawbacks. In order to keep his student place he had to sign up and pay for the 
organic practical course, year after year, until he succeeded Thiele as Professor extraordinarius. 
Moreover, the balances were assigned by the section head and he not only got a bad one but had 
to share it with seven or eight young students. 

The combustion furnaces had to be started at 10 a.m. and failure to do this involved a fine 
of 50 pfennigs. On one occasion Willstatter was fined and as he refused to pay the matter 
was reported to Baeyer. The defence that he had finished a combustion before 10 a.m. was 
considered adequate. 

The trip to America, already mentioned, included visits to New York, Boston, Philadelphia 
and Niagara Falls. It must have been a pleasant interlude but he was itching to get back to his 
two keys to the tropine work and was able to do this about January 1896. 

As a Privatdozent he gave six or seven courses of lectures of which one on “‘ homology ”’ was 
especially appreciated by the students. It was a course on aliphatic chemistry supplementary 
to Baeyer’s own lectures. During this period as Privatdozent, Baeyer’s friendship, the greatest 
personal experience of his youth, cooled off. He congratulated Willstatter on two of his papers 
at an interval of a year and each time added: ‘ But you must become a Christian.’””’ With him 
the doctrine of assimilation was firmly entrenched whereas Willstatter came of a community 
that remained faithful to Judaism and sought freer development in emigration rather than in 
assimilation. 

In 1899 it seems that there was some question of an Associate Professorship and Baeyer 
called Willstatter to his country house at Sternberg in order to communicate “ important 
news.’ There was a scientific discussion but no news. This must have been a grievous dis- 
appointment since he had received the premature congratulations of the mineralogist von Groth 
A few days later it was announced that the post had been awarded to Piloty, who was Baeyer’s 
son-in-law. According to Willstatter, the cabinet of the ladies had been victorious overnight, 
but he fully approved the appointment of Piloty. In his fifth year as Privatdozent the tropine 
work had reached such a stage that Willstatter’s scientific position was assured. Baeyer came 
to his laboratory, sat down, and remained silent for some time. Then he said ‘“‘ My dear 
Willstatter, what do you want to do now? You cannot get a chair and in industry there is no 
place for you.”’ The reply was that Willstatter would be very pleased to continue working in 
the Institute. A fortnight later he had a most attractive offer of a Directorship in a rather large 
North German concern. This was declined but Baeyer thought he should have accepted 
The Lecturer has dwelt on all these early difficulties because they demonstrate the indomitable 
spirit of the man, his courage, patience, fortitude, and self-control. 

In the winter semester of 1901—2 Thiele was called to Strasburg and in the Spring of 1902 
Willstatter became his successor as Head of the Organic Section and Professor extraordinarius 
although delay in ratification meant that full duties were not assumed until the Autumn. There 
was even some difficulty about that and he refused the offer of only the first half of this assign- 
ment, the situation being saved when the Ministry stepped in with a ruling that the chair must 
be filled or allowed to lapse. The trouble had been that the senior professors hoped to extend 
their privileges by not appointing any more Associate Professors 
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On appointment Willstatter had to be formally presented to the Prince Regent Luitpold, and 
Baeyer offered him his court uniform. The difference in measurements would have made the 
spectacle worth witnessing. This time he was fortunate—academic robes were ruled to be in order. 

Many years later, in Oxford, he received an Honorary Doctorate, and dined with Perkin at 
Magdalen College. His housekeeper had told him to pack a “ smoking’ but Willstatter said 
that he had been in Cambridge and was sure it would be unnecessary. But he had made 
insufficient allowance for local customs in the ancient Universities. Perkin dressed him in an 
old dinner jacket of his own and it was with great feeling that Willstatter exclaimed to the 
Lecturer: ‘‘ This was the most miserable experience of my life.’’ An exaggeration, but he was 
habitually dapper and neat. 

A lecture course to which great importance was attached was that on the synthetic dyes and 
Willstatter prepared himself for this by a summer visit to the Badische Anilin and Soda Fabrik at 
Ludwigshafen where he was the guest of the Directors. He made a collection of dyeings and 
printings for use in the lectures, but, more important still, he met such masters as Paul Julius 
and René Bohn and learned much of the chemistry of azo-dyes and anthraquinone. But he did 
not enter the production sheds and was forbidden contact with the chemists. A member of the 
patent section was detailed to look after him at meal-times. 

The improvement in Willstatter’s working conditions after his twelve years’ apprenticeship 
was astonishing; he shared the services of a laboratory cleaner assistant with Baeyer and 
Konigs, and was able to work on Saturday afternoons and Sundays ; the privilege of the labora- 
tory latchkey. It was not long before a steady stream of students came to work with him, and 
such topics as the later tropine work, the quinones, quinonoid dyes, and cyclic hydrocarbons 
were attacked. A beginning was made in the chlorophyll field for Willstatter records that 
before he left Munich he knew the secret, presumably the magnesium content, and that for him 
the green countryside had a message which nobody shared. 

The call to Ziirich was the occasion for a jolly party in which Baeyer made his usual happy 
speech. Placards denoting Willstatter’s achievements (and hopes) appeared and a telegram 
arrived “‘ Switzerland renames Vierwaldstattersee, vierwillstattersee.”’ 

Willstatter had no hobbies in the usual sense of the term but he was fond of walking in fine 
country and often with companions from the laboratory. In order to help with the delivery of 
early morning lectures he seems to have deliberately taken up riding and found this very much 
to his taste. From Interlaken he rode into the Lauterbrunnen Tal or as far as the upper 
Grindelwald glacier. 

An American cousin of his mother’s lived in Wiesbaden and kept some good saddle-horses 
and there was a standing invitation which was taken up in the Easter vacation of 1903. But as 
the result of a domestic tragedy, Willstatter went to a hotel and in the lobby met the dignified, 
long grey-bearded figure of Professor Leser of Heidelberg and was invited to his table. Then and 
later in the evening he met for the first time the Professor's charming daughter, Sophie. A few 
weeks afterwards they were engaged and married in the summer. His son Ludwig was born at 
Munich in October 1904 and his daughter Margarete was born in Zirich at the time when Will- 
statter was writing his paper on the magnesium complex of chlorophyll. Margarete showed 
considerable mathematical talent and published some original papers, partly under the guidance 
of Sommerfeld. After the marriage to Dr. Ernst Bruch they went to the United States and a 
son, Ludwig Willstatter Bruch was born in January 1940 at Winnebago, Illinois. It was on 
receipt of this happy news that Willstatter decided to write his memoirs and in the foreword 
says that his grandson shall take the place of his lost friends and students. 

In June 1908 his wife died after a delayed operation for appendicitis. The disaster was 
stunning and following it Willstatter took not a single day's holiday in ten years. Sophie 
Willstatter was cultured and beautiful; though not trained as a chemist she tried hard to under- 
stand her husband’s work and attended many of his lectures. Shortly before her death the 
Lecturer had arranged to work under Willstatter at Ziirich but in August 1908 Willstatter wrote 
that he did not wish him to come because he was heartbroken and felt that in the circumstances 


he would be unable to give detailed supervision. A quite different account is given in “ Aus 
1 Leben ”’ which it should be noted was largely written from memory. 
And this is how he closes the Chapter in which his bereavement is recorded: ‘“‘ Without 
nercy life continues, hideous in its conquering strength. I returned to the lecture room. 
The empty seat next to Mr. Schuppli glared at me. Yet my children must not grow up ina 
house of mourning. They had aright to happiness. I took the place of their mother.” 
The scientific record of Ziirich is almost unique, as a few of the names of those who worked 
there will quickly show—a list at haphazard—J. Wislicenus, Victor Meyer, Lunge, Bamberger, 


meinen 
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Bredig, Werner, Willstatter, Debye, Einstein, and now Karrer, Ruzicka, and Prelog. The 
favourable atmosphere was certainly due to the wisdom of such men as Johann Karl Kappeler 
and Robert Grehm who established a most liberal tradition The last-named, formerly a 
Professor of Chemical Technology and in Willstatter’s time Chairman of the Board of Education, 
proved a good friend and saw to it that the temporary appointment was made permanent, that 
his salary was increased, and that additional funds were made available to meet heavy expendi- 
ture on research. According to Willstatter the Swiss students were more serious-minded than 
the German. Jokes or anecdotes were taboo and they expected a complete account which 
would save them the necessity of purchasing a textbook. The lectures on both inorganic and 
organic chemistry were illustrated by numerous experiments which were very carefully prepared, 
and the arrangements were inspected on the previous evening. 

Willstatter has given admirable pictures of his Ziirich days and portraits of his friends and 
colleagues including Alfred Werner at the University but, although these matters are of high 
general interest, they have only a secondary importance in relation to our present topic. 

The anthocyanin work was started in Ziirich with Everest using cornflower petals obtained 
from the firm of E. Merck in Darmstadt. Flores centaurae cvanus played a significant part in 
old herbals. This material contained only about 0-5°, of colouring matter. At Dahlem dark 
purple cornflowers were grown and these contained 12—13°% of pigment in the dried petals. 
As delegate of the Swiss Board of Education Willstatter made several trips abroad, for example, 
with Werner to the Jubilee of the French Chemical Society and to the Centennial of the Univer- 
sity of Berlin in 1910. At this brilliant ceremony the Emperor announced the formation of the 
Kaiser Wilhelm Gesellschaft zur Forderung der Wissenschaften. Emil Fischer received the 
title of Excellenz and told Willstatter of the plans for the K. W. Gesellschaft. 

In 1911, after nibblings from Wirzburg and Vienna in 1910, Willstatter received a call to the 
new Institute which he declined because the conditions were held to be unsatisfactory. After 
Fischer had visited Ziirich with powers to attract Willstatter by much better offers, the post of 
lDirector was accepted, the main factor being that he felt himself to be a German. 

The Lecturer remembers an occasion when he took Willstatter by road from London to 
Oxford and when he explained this matter in detail. It was after his resignation from Munich 
and yet he said with considerable elaboration ‘‘ Einstein is a German Jew; I am a Jewish 
German.’ The Institute building was not dedicated until October 1912 and the outbreak of 
war in August 1914 marked the end of normal working conditions. 

The Dahlem period was thus not much more than twenty months. Although the two had 
met previously this time marks the beginning of one of the strongest of Willstatter’s personal 
friendships, that with Fritz Haber, Professor in Karlsruhe. Haber went to the second Kaiser 
Wilhelm Institute for physical chemistry, in 1911. Frequent scientific collaboration of these 
close friends was not to be expected, but they did publish one paper together on the mechanism 
of oxidation. This was concerned with the role of radical chains both in inorganic processes 
and in certain enzymic oxidations. 

Fischer had held out the prospect of complete freedom. Go walks if you like; be idle fora 
year or two, if you wish, and meanwhile think out some new ideas. But shortly after reaching 
Berlin he was invited to the house of an eminent Astronomer (Nobel! Prize for 1920) Karl 
Schwarzschild who had been a fellow member of the Privatdozentverein at Munich. Late in 
the evening Schwarzschild, who was a member of the Administrative Committee, said in 
measured tones: ‘‘ We did not bring you here to attend parties. We expect good things from 
you and quickly.” 

The anthocyanins provided these results and as quickly as anyone could wish 

In other respects Willstatter found that promises made to him were not fulfilled to the 
letter. He did not receive a title which he had been led to expect, that of Geh. Regierungsrat 
(this came on his transference to Munich) and his budget was inadequate and had to be supple- 


mented from his own pocket. This certainly suggests that Willstatter’s means must have been 
above the professorial average. On the day of the dedication he was asked by a high-ranking 
Berlin personality : ‘‘ How do you manage to live in such a tiny house? ’’; whereupon the 


answer was that it was in proportion to his salary. Later he realised that His Excellency had 
mistaken the Hausmeisterkiosk for his villa, which had been built by Professor Breslauer. It 
was later acquired by a banker and still later housed the President of the Berlin Police. 
Haber and Willstatter had some say in the naming of the new streets near the Institutes 
and Willstatter’s house stood in Faraday Weg; very appropriate for a future Faraday Lecturer. 
It is worth noting that the ground floor of the first Kaiser Wilhelm Institute was occupied 
by Professor Otto Hahn, who later became Director not only of one of the Kaiser Wilhelm 
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Institutes but also of its successor, the Max Planck Institute at Gottingen The first floor 
was Willstatter’s and the second was occupied by Prof. E. Beckmann’s laboratory 

Not long before the outbreak of war Willstatter visited England and lectured on plant 
pigments at University College, London, in May. The next month'found him in Paris at the 
General Meeting of the Société Chimique de France. He was asked at an evening party what 
people in Berlin thought of the prospects of war. He replied that he knew nothing about it, 
but was not believed 

In fact we are assured in “‘ Aus meinem Leben ”’ that the outbreak of war was to him like a 
catastrophic earthquake; it was thought that the cloud would pass. Willstatter’s comments 
on these questions are of psychological interest and his conclusion cannot be unilaterally applied. 

rhe guilt of the German people at the turn of the century and after was the low level of political 
talent, training, activity, and altruism.” 

lowards the end of 1914 Haber and Willstatter, whose ofter of war service had been declined, 
became members of the Prussian Academy of Sciences and this was Willstatter’s first oppor- 
tunity to participate in the general scientific life of Berlin It is interesting that Diels and 
Planck were among the Secretaries 

In 1915 Ludwig Willstatter died rather suddenly and apparently in a diabetic coma. He 
was ten years of age and a winsome child of much promise. Willstatter mentions that his 
impoverished life went on. The'next weeks brought invitations from Gottingen, Munich, and 
Vienna, the next months were filled with work on gas protection for the armies, anniversary 
lectures, professional journeys, etc., and the award of the Nobel Prize (1915) 

The appointment as Professor and Director of the State Chemical Laboratory in Munich 
was dated Sept. 4th, 1915. This consummation was not reached without troubles. For 
example, a salary was mentioned, but it was explained that the official residence could no 
longer be rent-free. Then the rent was assessed, after Willstatter had modernised the house, at 
an amount equal to his salary. This was eventually smoothed out by some arrangement about 
the fees. In addition Willstatter made many stipulations, many of them quite important ones, 
which were all accepted and led to a great improvement of the laboratories including a new 
Institute for Physical Chemistry. 

At the beginning of his second period in Munich Willstatter was given proof of strong 
anti-semitism and this grew during the war and eventually led to his resignation. 

The actual move to Munich was delayed a few months in order to allow time for certain 
laboratory improvements. In the meantime Willstatter developed a gas-mask filling, consisting 
of layers of carbon and hexamethylenetetramine. Thirty million containers with such charges 
were said to have been put in service and to have proved satisfactory. For this service he was 
awarded the order of the Iron Cross, Second Class; the recommendation for this came from various 
groups but was rejected by the Ministry of War until the Kaiser insisted 

After the war a telegram announced that the head of the British chemical warfare division, a 
certain General Hantley, would visit him. Willstatter was working at his desk when his visitor 
stood at the door, smiling, and was recognised as a former colleague, Hartley (Sir Harold, of 
course) who in 1898 had come to him as a student, attended his lectures, and visited his home 

When he arrived in Munich much energy was spent in reorganisation of the courses and 
laboratories and in building large extensions. These matters and the war involved a definite 
break with the past in the field of research 

The war itself forced a limitation of activities in Germany as in other countries. Even after 
the war it was hard to collect a ‘‘ School ’’ in the old sense; the best years were from 1921 to 
1924. 

His colleagues included many eminent scholars, among them Rontgen, von Groth, von 
Seeliger, von Goebel, Aurel Voss, Alfred Pringsheim, and Arthur Sommerfeld Heinrich 
Wieland was for some time head of the Organic Division and other heads of divisions were 
IX. H. Meyer and Rk. Pummerer but these were soon absorbed in war service and Willstatter 
found that in addition to his own responsibilities he had to assume those of several younger 
colleagues 

As already mentioned, Willstatter originally stipulated that a full Chair of physical chemistry 
should be instituted and a new Institute should be built He was very concerned to see this 
implemented, though he makes the remark which will not be very palatable to many colleagues, 
and was not in fact true, that physical chemistry had passed its zenith 

Failing to get any satisfaction from the Ministry he decided to act and invited K. Fajans 
to enter his laboratory. This was a happy choice and in later years Fajans became a full 
professor of the University. With the help of the Rockefeller Foundation a fine Institute was 
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erected but, soon after the rise of Hitler to power, Fajans left Germany as a refugee, to become 
Professor at the University of Michigan. In 1918 O. Hénigschmid also joined the Department. 
Arthur Stoll, who had acted as Willstatter’s assistant in Dahlem, accompanied him to Munich 
and there continued the work on photosynthesis which seems to link the early organic chemical 
interests of Willstatter with the essentially biochemical pre-occupation of his later life. The 
first enzyme work actually dates from Ziirich days when the distinguished Spanish organic 
chemist A. Madinaveitia helped to concentrate catalase in 1909—11. 

Stoll undertook the extension of this work with success and took part in other enzyme 
, returning in 1917 to Basle to a scientific career in industry. His work as a director 
of the Chem. Fabrik Sandoz has not interfered with the development of his researches as may 
be seen from his outstanding contributions on ergot and the cardiac glucosides. 

The Lecturer must pass over any attempt to describe the historic events at the end of the 
first world war or to analyse the causes of the growth of anti-semitism between the wars. Suffice 
it to say that Willstatter thought the desire to find a scapegoat led to the blame for many 
occurrences being placed to the account of the Jews. 

Of the political events immediately following the first world war the only one which is a 
necessary part of our narrative is the action that Willstatter took to protest against what he 
considered the false picture of German conditions painted in a Swiss newspaper. This was 
a letter of protest entitled “‘ Germany in Mourning ”’ and there is very little doubt that his 
indignation was not unconnected with the inclusion of the name of Fritz Haber in the list of those 
accused of war crimes. 

In common with other professional men Willstatter suffered great financial loss through the 
deflation but the laboratory was rescued by the very considerable dollar donation of a New 
York brewer, Theodore Haebler, who had a great regard for Willstatter. 

An invitation to the chair of chemistry in Berlin was received in 1919 but this he declined 
after having received many protestations of the high esteem in which he was held by his 
colleagues in the Faculty at Munich. 

The Nobel Prize celebrations for those awarded prizes during the war was held in June 1920. 
Those so honoured were Barkla, Barany, Planck, von Laue, Haber, Stark, and Willstatter. 
Willstatter seems to have spent much of his time preparing an address for the Anniversary 
Celebration of the founding of the Emil Fischer Gesellschaft but his Nobel Lecture was somewhat 
perfunctory. He was interested to meet Arrhenius, Hammarsten, and Widman, who with 
Baeyer solved the riddle of cymene, when Willstatter was still at school. 

He then became Dean of the Faculty and was naturally much involved in general University 
affairs. Furthermore he made many journeys to Berlin, partly it is true to renew his friendship 
with Haber, but also on business of varied kind, industrial and official. He bitterly regretted 
the waste of time that this involved and indeed the problem is not unknown in other countries 
and, so far from being solved, tends to become more and more insoluble. In spite of these 
distractions Willstatter continued to do splendid work in organic chemistry and biochemistry 
and he attracted very many co-workers both German and from many foreign countries. 

Willstatter was respected and admired by all members of the Faculty but it was a personal 
affection that was felt for him and general anti-semitism was rife and on the increase. 

The trouble came to a head with the three Goldschmidts. When Pummerer left for Greifs- 
wald it entered the mind of the Director to appoint Stefan Goldschmidt in his place. This he 
did not do because of the urgent warnings of his friends, and other candidates were available 

In 1924 Professor von Hartwig, the geneticist, retired and by common consent the best 
candidate was Richard Goldschmidt, then associate director of the Kaiser Wilhelm Institute for 
Experimental Biology in Dahlem. But essential support was lacking, admittedly because 
Goldschmidt was of non-aryan race. 

And then in the summer of 1924 von Groth retired at the age of eighty-one. This brilliant 
geologist and mineralogist had always declared that only one man could succeed him, namely, 
Victor M. Goldschmidt of Oslo. But this outstanding scholar was not appointed, again because 
he was of non-aryan race. 

Willstatter saw that his colleagues had made his position untenable and he tendered his 
irrevocable resignation on June 24th, 1924. 

A few days later the surgeon Sauerbruch, who had attended Margarete in a serious attack 
of pneumonia and had become one of Willstatter’s closest friends, came to his home in the 
evening, drank a bottle of wine, and prepared to leave at 9 o'clock, which was unusual. To 
Willstatter’s surprise he was asked to accompany his friend who took him to the newly built 
large lecture theatre of the Institute. There he was met by over three hundred of his students 


researches 


Robinson : Woalstatter Memorial Lecture. LO25 


who presented him with a moving address assuring him of their confidence, admiration, and 
loyalty 

His senior colleagues also sent him a letter expressing their great appreciation of his services 
to science and the University and begging him to reconsider his decssion 

But irrevocable that decision remained, and he only stayed long enough to aid his students 
to complete their researches and to make the installation of Heinrich Wieland, his successor, as 
smooth as possible. Then came a spate of attractive offers, a new Research Institute to be 
built to his own specification, head of the National Research Foundation for Physics and 
Chemistry in Spain, chairs at Heidelberg, Leipzig, and three American Universities. He was 
also oftered the Directorship of research in the Siemens Company, and in 1926 his old position 
in the Institute at Berlin-Dahlem. All were declined. He left his laboratory and residence in 
September 1925 and never returned. Cordial relations with the University were however 
maintained. As a mark of special esteem the Senate and the Philosophical Faculty of the 
University passed a special unanimous resolution that “ ... Geheimrat Dr. Willstatter 

shall as special concession be left in possession of the right of a full professor to take 
part in any academic ceremonies and in the meetings of the Philosophical Faculty, Section II.”’ 
Invitations gradually diminished in frequency and after a few years he discovered that his name 
had been removed from the Faculty list. Work was carried on by a few loyal collaborators and 
especially after 1928 by Fr. M. Rohdewald with whom a number of enzyme studies were made, 
especially on the enzymes of leucocytes. This collaboration was largely eftected over the 
telephone 

With K. Lobinger he discovered the true silicic acid, Si(QOH),, and made several further 
incursions into inorganic chemistry, chiefly connected with adsorbents for enzymes. 

His new house was in the Mohlstrasse and though relatively small was elegant and con- 
venient. Especially after the marriage of his daughter to Dr. Ernst Bruch he found the need 
for some new interest. He had hitherto cultivated few hobbies and now found one in art, 
making a small but interesting collection. He also travelled more frequently and visited Boston 
to deliver the Dunham lectures, as well as this country to receive honorary degrees and the Davy 
Medal of the Royal Society. On two occasions he stayed with the Lecturer and Lady Robinson. 
On the first of these he was met at the front door by their small daughter to whom he presented a 
handsome doll, which with inimitable grace he christened ‘‘ Richard.”’ 

Often he was accompanied by Haber and one of the last occasions was to Bad Gastein. 
Chere the paper on radical chains in oxidation mechanisms was discussed but Willstatter observes 
that the part he contributed was somehow omitted. <A citation from ‘‘ Aus meinem Leben’ 
may explain much 

“We got to Rome, but by mistake. From the Upper Engadine we went by train to Rapallo, 
for we wanted to pass a few days sight-seeing in Florence. Haber gave me a lecture on the 
symmetry of pentaerythitol according to the views of Weissenberg. Instead of changing at 
Livorno we stayed in the train, because of the pentaerythitol. I made an attempt to interrupt 
the flow of physico-chemical ideas by observing that the sea was on the wrong side of us. 

‘“ Haber, annoyed at the interruption continued his lecture on the modification of van’t Hoft’s 
rule. Again I interrupted, the sea was definitely on the wrong side. This time Haber returned 
to this world. With difficulty I dissuaded him from pulling the emergency cord Thus we got 
to Rome and our luggage to Florence.”’ 

Other travels were to Madeira, Spain, and a memorable visit to Rehovoth to partake in the 
dedication of the Daniel Sieff Research Institute. His visits to England were the source of 
genuine pleasure both to him and to us and in 1927 he delivered the Faraday Lecture of this 
Society. 

It is a matter of history that the rise of Hitler was accompanied by unreasoning manifesta- 
tions of intense anti-semitism and Willstatter’s friends, more and more urgently, advised him to 
emigrate. 

In September 1938 he made a trip to Switzerland at the invitation of Professor Stoll who had 
it in mind to keep him in the country. But he still hoped to accomplish more and he determined 
to stay in Munich in spite of sacrifices, as long as he could do this with dignity. 

After his return on November 10th, the Gestapo searched his house, having orders to take 
him to Dachau, but one suspects, only half-heartedly, for Willstatter was in his garden at the 
time. He was ordered to leave the country but though this was relatively a merciful outcome, 
his departure was by no means easy to arrange. There were tiresome formalities and a round 
of humiliating experiences at banks, customs house, Devisenstelle and Devisenuberwachung- 
stelle. He lost in the process a great amount of property and many of his treasures of art but 
3x 
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after a pathetic attempt to cross the frontier unofficially, he eventually entered Switzerland 
where his good friend Stoll, who deserves for his generous care the gratitude of all chemists, 
made suitable arrangements. He settled in the Spring of 1939 at Muralto-Locarno in the Villa 
Eremitaggio in a beautiful situation. 

Willstatter’s influence on the development of chemistry has been comparable to that of 
Baeyer. The indigo research raised the study of structure and of natural products to a new 
level, and the isolation of the chlorophylls and the anthocyanins brought us to another and still 
higher level of achievement. To reach this plane it was necessary to demonstrate success in 
some few cases and Willstatter showed the way. The actual cases selected were of great 
interest in themselves but the importance of his work is not to be assessed by that interest alone. 
In addition to the long record of publications, Willstatter lives in the work of his students and 
disciples. Among the former many names have been mentioned. Probably the first English- 
man to work with him was Dr. R. Lessing who has kindly told the Lecturer that on a summer 
evening in 1902 Willstatter asked him to take a walk. The tropine work was nearly finished and 
conversation turned on the subject to which he should next devote himself. He envied Baeyer 
his opportunities with indigo and wondered if he could find something analogous. He said he 
had thought of digitalis, but this had been nibbled at and offered only a limited field. He rather 
fancied an attack on chlorophyll, not merely because it was of chemical interest, but also 
because it was vitally concerned in the processes of Nature. 

This he eventually decided upon and Dr. Lessing assisted him in the very preliminary 
experiments with green leaves and nettles. 

At a much later stage another Englishman, Dr. H. J. Page, assisted him in the study of the 
pigments of algae. Dr. Page became Director of the Jealotts Hill Research Station of Imperial 
Chemical Industries Limited and later the Director of the Imperial Institute of Tropical Agri- 
culture, Trinidad. 

Willstatter was like his father a handsome man, short in stature, but extremely dignified in 
bearing, yet without a trace of affectation. He was perfectly well aware of his own merits, 
which he had a habit of disparaging while overpraising others. His life and his scientific work 
speak for themselves of his sterling qualities, his power, and the inspiration he communicated to 
others. 

At an evening reception in the Whitworth Hall, Manchester University, following a ceremony 
at which he was awarded an Honorary Doctorate, Willstatter moved towards a group consisting 
of Professor and Mrs. Bragg and Professor and Mrs. Robinson. He looked at them quizzically. 
Why should a young lady marry a Professor? If he is a good Professor he will neglect you and 
if he is no good. .. . But Dr. Willstatter whom should she choose? Just then the Chan- 
cellor, the late Earl Crawford of Balcarres passed by, and indicating him, the answer came at 
once—an Earl of course! Lord Crawford was every inch a nobleman in appearance, as well as 
in fact. No more fitting summary of Willstatter could be given than that he also looked what 
he was, namely, a great gentleman in every good sense of the word. 

Willstatter received many honours, some of which have already been mentioned. He was 
elected an Honorary Fellow of the Chemical Society in 1927 and a Foreign Member of the 
Royal Society in 1928. He received the Willard Gibbs medal in 1933, and was a corresponding 
or foreign member of many National Academies of Science, the first to so recognise him having 
been the Academy at Turin. 


The Lecturer’s special thanks are due to Mrs. Frieda Planck Clarke of New York for trans- 
lation of a manuscript received from Professor Arthur Stoll before the publication of ‘‘ Aus 
meinem Leben.’’ Many of Mrs. Clarke’s phrases and sentences have been used. He is grateful 
to Professor Stoll for this manuscript and for much further information. Acknowledgment is 
also made to Verlag Chemie G.m.b.H. and to Mrs. Margarete Bruch. 

Dr. Lessing has kindly contributed photographs and reminiscences which have been very 
helpful (see also footnote, p. 1014). 

Sir Rudolph Peters and Dr. A. G. Ogston’s assistance in relation to the enzyme section is 
gratefully acknowledged. 
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The Stereochemistry of eycloHexane Derivatives. 


THE TILpEN LECTURE, DELIVERED AT BURLINGTON HOUSE, ON THURSDAY, 
OcTOBER 16TH, 1952, AND IN NEWCASTLE ON NOVEMBER 28TH, 1952. 


By D, H.R. Barton, Pa.D., D:Se., FRI. 


rHE classical stereochemists were familiar with the concept of boat and chair conformations !:? 
for cyclohexane. Only in the last decade has it become firmly established that the chair 
conformation is more stable +4 than the boat, although it is, of course, appreciated that the 
energy barrier separating the two forms is so low ® as to prevent investigation of the 
phenomenon by the classical stereochemical methods at the disposal of the organic chemist. 

The number of geometrically possible conformations becomes very much greater when the 
fusion of two cyclohexane rings to give trans- and cis-decalin is considered. Fortunately, if 
chair conformations are accepted as being more stable than boat conformations, then there is a 
unique conformation for both trans- (I) and cis-decalin (II). (I) is the conformation of trans- 
decalin which has been accepted for many years, whereas (II) differs from the two-boat Sachse— 
Mohr cis-decalin conformation (III), which is usually depicted in the text books. Experimental 
evidence that (II) is the correct representation of cis-decalin has been obtained by the electron 
diffraction studies of Hassel and his colleagues ® and is supported by chemical evidence.” 


H 


| 
H H 


(I) (II) (IIT) 


The energy differences between various conformational isomers can be calculated on a semi- 
empirical basis following the method introduced by Dostrovsky, Hughes, and Ingold § and by 
Westheimer and Mayer. Table 1 summarises the results obtained and makes comparison with 
a more empirical, but more accurate, method proposed by RK. B. Turner,!® in extension of 
Pitzer’s views.!! This method is based, essentially, on the statistical mechanical evaluation 
of the barrier to free rotation about the single carbon-carbon bond of ethane. In both 
procedures there is qualitative agreement between the observed and the calculated stability 
order. 


1 The word “‘ conformation ’’ is used to denote those arrangements in space of the atoms of a molecule 
which are free from angle strain (other than that imposed by valency requirements) and yet are not 
superposable on each other. Clearly for many molecules, e.g., ethane, an infinite number of conformations 
is possible. It is fortunate that the complexities which might arise from such considerations are 
minimised by the fact that, in general, only a few of the geometrically possible conformations are 
energetically favoured. 

2 In his fundamental work on large-ring molecules Prelog (see /., 1950, 420) has used the word 
constellation ’’ with the same meaning. 

3 Infra-red evidence: Rasmussen, /. Chem. Phys., 1943, 11, 249, and papers there cited. Raman 
spectral evidence: Kohlrausch and Wittek, Z. physthkal. Chem., 1941, 48, B, 177; Gerding, Smit, and 
Westrik, Rec. Trav. chim., 1942, 61, 561. Electron diffraction evidence: Hassel and Viervoll, Acta 
Chem. Scand., 1947, 1, 149, and papers there cited. Thermodynamic considerations : Aston, Schumann, 
Fink, and Doty, J]. Amer. Chem. Soc., 1941, 68, 2029; Beckett, Pitzer, and Spitzer, ibid., 1947, 69, 2488. 

4 Most of the definitive information refers to the gaseous phase where intermolecular interactions are 
minimised and intramolecular interactions are dominant. It is fortunate that the latter are normally 
f greater importance than the former, so that the stability order established for the gaseous state 


” 


seems also to hold for the liquid and even the crystalline state 

5 Cf. Shoppee, J., 1946, 1138 

6 Bastiansen and Hassel, Nature, 1946, 157, 765; Hassel and Viervoll, Acta Chem. Scand., 1947, 1, 
149, and papers there cited 

Barton and Miller, /. Amer. Chem. Soc., 1950, 72, 1066; Barton, Experientia, 1950, 6, 316; Beyler 

and Sarett, J. Amer. Chem. Soc., 1952, 74, 1406. 8 J., 1946, 173. 

9 J. Chem. Phys., 1946, 14, 733; also Westheimer, tbid., 1947, 15, 252; Rieger and Westheimer, 
J. Amer. Chem. Soc., 1950, 72, 19, 28; Hill, J. Chem. Phvs., 1946, 14, 465; 1948, 16, 399, 938. 

10 7. Amer. Chem. Soc., 1952, 74, 2118 11 Chem. Reviews, 1940, 27, 39 
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On the basis of this evidence, and of correlations to be outlined in the sequel, it can be 
suggested that the most stable conformation of a fused cyclohexane ring system will, in general, 
be that conformation with the maximum number of chairs. An interesting chemical 


TABLE 1. 
Energy differences, kcals. 
et ee rn a 
Compound Semi-empirical * Empirical + Stability order 
aI A Ns a asta 1-31 to 6°85 5:6 chair > boat 
tvans- and cis-Decalin (2-chair conformations) ...... 0-52 to 8-2 2-4 trans > cis 
2-Chair and 2-boat cis-decalins (2-boat Sachse 
Ole COMPOTMALION ) < 555 603 ss0c0seeree5ccds ssitecicenens 2°87 to 7-28 8-8 2-chair > 2-boat 
* Barton, /., 1948, 340; see also Hazebroek and Oosterhoff, Discuss. Faraday Soc., 1951, 10, 87. 


t Ref. 10. 


confirmation of this view comes from the elegant experiments of Linstead and his colleagues !* 
on perhydrophenanthrene derivatives, as further interpreted by W. S. Johnson.!3 Thus it 
has been shown that (IV) is more stable than the ¢vans-isomer (V). Whereas (LV) may readily 
adopt a three-chair conformation, (V) can only be constructed as a conformation with at least 
one boat. 
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In the chair conformation of cyclohexane two types of geometrically distinct carbon 
hydrogen bond can be distinguished.4 Six of the bonds lie parallel to the threefold symmetry 
axis of the ring [fas in (VI)} and have been designated “ polar.’’ The other six carbon—hydrogen 
bonds {as in (VII)], which are not so oriented, have been called ‘‘ equatorial.”’ 
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(VII) 


(VI) 


The admirable researches by O. Hassel and his colleagues at the University of Oslo on the 
electron diffraction of cyclohexane compounds in the vapour phase have contributed greatly 
to our knowledge of these more subtle aspects of stereochemistry. Hassel }® has shown that 
the conformation adopted by a substituted cyclohexane is, in general, that with the maximum 
number of equatorial substituents. Such preferences in conformation undoubtedly arise from 
non-bonded interactions and it is logical, therefore, when a distinction has to be made between 
two alternatives, to make the larger substituent the equatorial one. On these bases mono- 
substituted cyclohexanes are to be represented by (VIII) not (IX), trans-1: 2- and trans-1 : 4- 
disubstituted cyclohexanes by (X) and (XI) respectively, and cis-1 : 3-disubstituted cyclo- 
hexanes by (XII) not (XIII). The work of Bastiansen, Ellersen, and Hassel !* on the conform- 
ations adopted by the stereoisomeric benzene hexachlorides is a_ particularly striking 
demonstration of these correlations. The general conclusions are supported by thermodynami 
considerations.!? 

Based on this dichotomy of cyclohexane bonds a number of chemically important generalis- 
ations can be made.'® The application to simple cyclohexane derivatives has been brietly 


12 7., 1950, 1428, and papers there cited. 13 Experientia, 1951, 7, 315. 
14 Beckett, Pitzer, and Spitzer, J. Amer. Chem. Soc., 1947, 69, 2488; Hassel and Ottar, Acta Chem 
Scand., 1947, 1, 929, and papers there cited. 
15 For summarising article see Hassel, Research, 1950, 3, 504. 
16 4cta Chem. Scand., 1949, 8, 918. 17 Beckett, Pitzer, and Spitzer, ref. 14. 
‘8 Barton, Experientia, 1950, 6, 316; note also footnote 23. 
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outlined elsewhere.’ The generalisations are, however, best illustrated by reference to the 
wealth of stereochemical data which has been accumulated in steroid and related fields of 
polyterpenoid chemistry, for in these cempounds the locking together of several cyclohexane 
rings reduces the ambiguities of interpretation which are sometimes possible in simpler molecules 
containing only one cyclohexane ring. 


H 
H R 
R 
R H R 
4 
(VIII) (IX) (x) 
H 
R H 
R 
R 
H 
R 
4 R 
4 H R 
(XT) (X11) (NIT) 


We commence by deducing conformations (XIV) and (XV) for trans-A/B- and cis-A/B- 
steroids respectively. These unique conformations are selected because they possess the 
maximum number of chairs—three in each case. The assumed conformations are supported 
by the X-ray data reported for cholestero] iodide.2® The relation of equatorial and polar bonds 
in conformations (XIV) and (XV) to the Fieser and Fieser?! g and § configurational 


nomenclature 2? is shown in Table 2. 

(i) At a given carbon atom in a cyclohexane ring system an equatorial substituent is in 
general more stable than a polar substituent. The expressions (NVI) and (XVII) summarise *4 
our present knowledge with regard to the more stable configurations of hydroxy] substituents 
in the steroid nucleus. In each case it is the equatorial substituent which is the more stable. 


(ii) For relatively ready 1 : 2-elimination reactions of the ionic type the necessary geometric 


19 Barton, loc. cit., see also Birch, Ann. Reports, 1951, 48, 192; Bose, Evperientia, 1952, 8, 458. 

20 Carlisle and Crowfoot, Proc. Roy. Soc., 1945, A, 184, 64 

21 Fieser and Fieser, ‘‘ Natural Products Related to Phenanthrene,’’ Reinhold Publ. Corpn., 3rd Edn., 
1949 

22 g-Substituents lie on the opposite side of the molecule to the two methyl groups at C,,,, and C,,5), 
B-substituents lie on the same side. 


23 For references, see Barton, ref. 18; also Fieser and Fieser, op. cit., p. 593 3arton and Rosen- 
felder, ]., 1951, 1048; Heusser, Anliker, and Jeger, Helv. Chim. Acta, 1952, 35, 1537; Herzog, Oliveto, 
Jevnik, and Hershberg, /. 4mer. Chem. Soc., 1952, 74,4470. Most of the conclusions on relative stability 


are based on the nature of the preponderating isomer obtained on reduction of the corresponding ketone 
with sodium and an alcohol It is well established (Vavon, Bull. Soc. chim., 1931, 49, 937; Hiickel, 
Annalen, 1937, 588, 1) that this procedure affords a mixture of alcohols of the same composition as is 
obtained by direct equilibration 

Reduction with sodium borohydride (cf. Elisberg, Vanderhaeghe, and Gallagher, ]. Amer. Chem 
Soc., 1952, 74, 2814) and with lithium aluminium hydride (cf. Barton and Holness, /., 1952, 78) in general 
affords the equatorial epimer if the ketone group is not hindered, the polar epimer if it is hindered or 
very hindered. Ponndorf—Meerwein reduction, which is only applicable to relatively unhindered ketones 
gives a higher proportion of the polar hydroxyl than do other methods (with the exception of catalytic 
hydrogenation in strongly acid media: see further below). 

Some other useful generalisations are as follows: Catalytic hydrogenation of both hindered and 
unhindered ketone groups in strongly acid media (rapid hydrogenation) affords the polar alcohols 
Similar reduction in neutral media (slow hydrogenation) gives the equatorial alcohol if the ketone group 
is not hindered, the polar alcohol if it is strongly hindered. Reduction of oximes with sodium and alcohol 
affords the equatorial amines; catalytic hydrogenation of oximes follows the same course as catalytic 
hydrogenation of ketones, 7.e., it is dependent on the acidity of the medium (and hence rate of hydrogen- 
ation) and the degree of hindrance of the ketone group from which the oxime is derived. These rules 
are a substitute for the corresponding von Auwers-—Skita rule and, in many cases, are less ambiguous and 
more reliable 

Another useful regularity is that treatment of equatorial amino-groups with nitrous acid affords 
stereospecifically the corresponding equatorial alcohol (Mills, /., in the press; the author is much 
indebted to Mr. Mills for a copy of this paper before its publication). 
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condition is that the four centres of importance 1n the reaction shoula lie in one plane.*4 This 
condition is satisfied in cyclohexane systems by 1 : 2-trans-substituents, both being in the polar 


conformation (or being free to adopt this conformation). It is not satisfied by 1 : 2-trans- 


TABLE 2. 


trans-a/B ctis-A/B trans-a/B and cis-A/B 
Position a B a B Position a 

l (p) (e) (e) (p) 11 (e) (p) 
2 (e) (p) (p) (e) 12 (p) (e) 

3 (p) (e) (e) (p) 13 , (p) 
4 (e) (P) (p) (e) 14 (p) 

5 (Pp) — — A(p); B(e) 15 (e *) (p *) 
6 (e) (p) (e) (p) 16 : 

7 (p) (e) (p) (e) iH (p *) (e *) 
8 — (p) — (p) 

9 (Pp) — (p) =a 
10 — (p) “ne a(e); B(p) 


* The asterisk here and elsewhere in this paper denotes that the term only has significance relative 
to the c-ring 


substituents when both are equatorial, or by 1: 2-cis-related substituents, for one of these 
must necessarily be polar and one equatorial. This reasoning is in line with the well-established 
preference of ionic-type 1 : 2-elimination reactions for the exhibition of tvans-stereospecificity. 
It also predicts that this preference is based on a more fundamental geometrical relation than 


A(e) B(e *) 
aie 
Cc D 
A 
ae) ! B \ 
Ble)! : 2(€) 
aC): ae) 
H 
(XVI) 
B(e) Ble *) 
a(e) ; 
( ) 
| \ 
A B | 
x(¢ } 
WW 
H 
(XVI) 


that indicated by a configurational prefix. Thus there should be compounds where, although 
the substituents to be eliminated are trans relative to each other, yet, because they are both 
equatorial in conformation, the geometrical condition for easy elimination is not satisfied and 
therefore the reaction is relatively slow. The data in Table 3 provide a striking demonstration 


*4 Although this concept has been inherent in the literature (e.g., see Young, Pressman, and Coryell, 
]. Amer. Chem. Soc., 1939, 61, 1640; Winstein, Pressman, and Young, ibid., p. 1645) for a number of 
years and was implied specifically in an important paper by Hughes, Ingold, and their collaborators 
(/., 1948, 2117), it has only been developed in precise terms quite recently (Barton and Miller, J. Amer. 
Chem. Soc., 1950, 72, 1066; Barton, ref. 18; Barton and Rosenfelder, /., 1951, 1048). 
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of this thesis. It is of interest that this specificity is not restricted to E,-type elimination 
reactions but holds equally well for E,-eliminations.*> Excellent examples of these geometrical 
requirements have also been given recently by Cristol and Hause 4 and by Raphael 
and Scott, in both cases in non-steroid compounds. 


TABLE 3. 
Easy elimination of 
(p, p) configurations relative to (e, e) configurations Ret 
trans-A/B series. 
3a-OTs(p) and 28- and/or 48-H(p) 38-OTs(e) and 3a- and/or 4a-H(e) 1 
5a-Br(p) and 68-Br(p) 58-Br(e; relative to B-ring) and 6a-Br(e) b 
cis-A/B series. 
38-OTs(p) and 22-H(p) 32-OTs(e) and 28-H(e) 
118-Br(p) and 12«-Br(p) lla-Br(e) and 128-Br(e) d 
At-3-one series. 
68-H(p) and 7a-OH(p) 6a-H(e) and 78-OH(e) ° 


* W. Stoll, Z. physiol. Chem., 1937, 246, 1; Nace, J. Amer. Chem. Soc., 1952, 74, 5937. * Barton 
and Miller, J]. Amer. Chem. Soc., 1950, 72, 1066. © Evans and Shoppee, /j., 1953, in the press. The 
author is much indebted to Professor Shoppee for a copy of this paper before its publication. 4 Barton 
and Rosenfelder, /., 1951, 1048. * Greenhalgh, Henbest, and Jones, /., 1952, 2375. 


(iii) For rearrangement reactions of the Nametkin type, or related reactions in which the 
ring carbon atoms are not (formally) involved, reaction proceeds, in cyclohexane ring systems, 
most readily if the groups which are eliminated or migrate are in polar conformations. Some 
good examples of the application of this generalisation in the p-homo-series of steroids have 
been discussed by Klyne and Shoppee.??. The p-homosteroid represented by partial formula 
(XVIII), on treatment with nitrous acid, affords the rearranged product (XIX). The 
expression (XX) shows the view looking down the C,,,—C,,;q-axis and, as indicated, the four 
centres of importance for the ketonisation reaction lie in one plane. In the C,,-q)-stereoisomer 
of (XVIII), represented in (XXI), deamination furnishes an oxide (XXII). Clearly the 
conformation (XXIII) of the groups involved would lead to this result. Other examples 
relevant here are the formation of Westphalen’s diol #8 and the y-androstene phenomena.*9 


NH, 
OH ? on 
H 2 . 
{ { 4 e 
he — \ | 
NH | H ell 
HH H Me 
(NVIIT) (XIX) (XX) 
NH 
HO (@) e Me 
H loH 
| _» NX ,° 
‘ Ye , N 
i NH, 'v, ae Paes | 
H H OH 
(XXII) (XXII) (XXIII) 


(iv) For rearrangement reactions in a cyclohexane ring system in which a change in the 
number of ring carbon atoms is involved, the reaction proceeds with greater facility (and often 
exclusively) when the group eliminated possesses an equatorial orientation. Both this 
generalisation and that given under (iii) above are further examples of the necessary geometric 
condition of ‘‘ four centres in a plane "’ (see above) for maximum ease of reaction. 

The enhanced reactivity of isobornyl compounds relative to bornyl compounds i 
illustrative.2° Some excellent examples of the phenomenon have been discovered in the 

*5 E.g., see discussion by Barton and Rosenfelder, J., 1951, 1048; also Mills, J., in the press 

26 (a) J. Amer. Chem. Soc., 1952, 74, 2193. (b) J., 1953, in the press. The author is much indebted 
to Dr. Raphael for a copy of this paper before its publication. 

27 Chem. and Ind., 1952, 470. 

28 See Ellis and Petrow, /., 1952, 2246; Bladon, Henbest, and Wood, 1bid., p. 2737. 

28 See Miescher and Kagi, Helv. Chim. Acta, 1949, 82, 761 

80 Barton, loc. cit.; Brown, Hughes, Ingold, and Smith, Nature, 1951, 168, 65; Winstein, Morse, 
Grunwald, Jones, Corse, Trifan, and Marshall, J. Amer. Chem. Soc., 1952, 74, 1127; Shoppee, Chem. 
and Ind., 1952, 86. 
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Thus if we consider rings A and Bb (XXIV) of the more common 


triterpenoid and steroid series. 
re thus 


pentacyclic triterpenoids, we see that the four centres marked e lie in one plane and a 
suitably disposed for the elimination of water (brought about by treatment with phosphorus 
pentachloride) in such a way as to lead to ring contraction (to XXV). In contrast, when the 
hydroxyl group at C,,, is in the epimeric polar configuration (XX VI), then the geometrical 
requirement for rearrangement is no longer satisfied and the alternative elimination (to XXVII 
without ring contraction takes place.*! 


Me 


(XXVIT) 
(XXXVI) 
OH 

A somewhat similar situation pertains in the two terminal rings (b and £) of the pentacycli 
triterpenoid lupeol (XXVIII). The elegant investigations by Jones, Halsall, and their 
collaborators ** have shown that (indirect) hydration of lupenyl acetate affords the 18-2 
amyranyl acetate derivative (X XIX), which in turn regenerates lupenyl acetate on dehydration 
The stereochemistry of (XXIX) clearly satisfies the geometric requirement of coplanarity 
giving back lupenyl acetate of the stereochemistry shown (XXX). The epimer (XNXNN1) of 
XXIX), with the hydroxyl group polar, is correspondingly dehydrated to germanicyl acetate 
XXXII) without contraction of the ring system. Again the reaction takes the course 

imposed upon it by the geometry (XN XX1) of the molecule. 


r 
2 


(XXVIII) 


\ 


{ (XXXT) NNNIT) 


An excellent example of the same type of phenomenon has been discovered recently by 
Wendler.33 When the 123-hydroxylated steroidal sapogenin 


Hirschmann, Snoddy, and 
31 For discussion and references see Barton, ref. 18 


32 J., 1952, 2862, 2868. 33 J. Amer. Chem 1952, 74, 2694. 
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XXXIII) was converted into the 12-methanesulphonate and solvolysed, elimination was 
accompanied by rearrangement to the olefin (XNXXI\ Clearly the geometry of (XXNIII) 
is suited to this reaction. In contrast when (say) the toluene-p-sulphonates of suitable 122- 
hydroxylated compounds (XXXV) are heated with pyridine or collidine ** the geometry of 
the molecule is not suited to rearrangement, but rather to elimination towards C,,,, to give 


if 


compounds as (XXXVI 


H OH — 


HOH 
‘\ 


\ Nu . ‘5 NH 
a “7 H 
{ (XXXV) (XXXVI) 


v) When an oxide ring is opened, the product of ring opening has the carbon—hydroxyl 
bond and the newly formed carbon-addend bond both polar.* This useful generalisation, to 
which there are, as yet, no exceptions, is illustrated by data from the steroid series summarised 
in Table 4. 


TABLE 4 
Configuration of oxide Ring-opened configurations (addition of HX) Ref. 
trans-A, B-Serveé 
2: 3a 28-X(p) : 32-OH(p) ) 
2:32 28-OH(p) : 3a-X(p) j ‘ 
3: 4a 32-OH(p) : 48-X(p) } , 
3:48 3x-X(p) : 48-OH(p) ) 
5: 6% 52-OH(p) : 68-X(p) ’ 
5: 6B 5a-X(p) : 68-OH(p) J 
8: 9x 88-X(p) : 92-OH (p) l 
17: 17aa 17aa-OH(p) : 17B-X(p) é 
CIS-A/B Sé) 
ll: 12a 118-X(p 122-OH(p) ) 
LI : 326 118-OH(p) : 12x-X(p) J 
* Fiirst and Plattner, Helv. Chim. Acta, 1949, 32, 275 > Ref. 35. ° Fieser and Fieser, op. cit., 
». 222. 4 Heusser, Anliker, Eichenberger, and Jeger, Helv. Chim. Acta, 1952, 35, 936. * See ref. 27. 


f Fieser and Fieser, op. cit., pp. 455, 460, 654, 656 

vi) At a given carbon atom in a cyclohexane ring system a polar is more hindered 
for acylation reactions than an equatorial hydroxyl group. Correspondingly the derived 
esters are respectively more and less easily hydrolysed. The extensive data available in the 


steroid series to test this concept are summarised (as less hindered configurations) in (XXXVII) 
and (XX XVIII).36 In every case there is agreement with the generalisation propounded 

“aE Meystre and Wettstein, Helv. Chim. Acta, 1948, 31, 1890; Meystre, Tschopp, and Wettstein, 

id., p. 1463; von Euw and Reichstein, tbid., p. 2076 

35 First and Plattner, Abs. Papers, p. 409, 12th Internat. Congr. Pure & Appl. Chem., New York, 
1951 

36 For references: see Barton, ref. 18. Also Ruzicka, Fiirter, and Goldberg, Helv. Chim. Acta, 
1938, 21, 498: Barton and Rosenfelder, J., 1951, 1048; Heusler and Wettstein, Helv. Chim. Acta, 1952, 
35, 284 Hirschmann, Snoddy, and Wendler, loc. cit Romo, Stork, Rosenkranz, and Djerassi, /. 
Amer. Chem. Soc., 1952, 74, 2918: Heusser, Eichenberger, Kurath, Dallenbach, and Jeger, Helv. Chim. 
Acta, 1951, 84, 2106; Budziarek, Newbold, Stevenson, and Spring, J., 1952, 2892; Fieser, Herz, Klohs, 
Romero, and Utne, J. Amer. Chem. Soc., 1952, 74, 3309. 


> 


1034. Barton: The Stereochemistry of cycloHexane Derivatives. 


It would appear instructive to consider in rather more detail the reason tor the differing 
degree of steric hindrance shown by polar and equatorial hydroxyl groups. This is necessary 
in order that the relative degrees of hindrance of hydroxyl groups not attached to the same 
carbon atom may be evaluated. If we consider a substituent attached as R or R’ to a cyclo- 
hexane ring at C,,, of a chair conformation (XX XIX), then R is hindered by the four «- and 
8-hydrogen atoms attached at C,,, and C,,,. All these are equidistant from R. We can call 
this hindering effect 4 (1: 2-H) interactions. The substituent R’ is hindered by the two 
C,)-%- and C,y)-«-hydrogen atoms which are the same distance from R’ as they are from R. 


R’ is also hindered by the two polar hydrogens, C,,)-« and C,,.,-x, which hindrance can be denoted 


BH Hp 
Bie) Ble *) B(e) Ble *) BH Ha 
ave) c | D ace) ae D i 
Z r% 
/ V 
ren ae | I fas l B 
3(« (e) a(e) R 
a(c) H a(e) H a(e) ; 
(XXXVI) (XX XVIII)  . GExXosnss) 


as 2(1: 3-H) interactions. Now, if R and R’ are hydrogen, the (1:2) and (1: 3) distances 
are almost equal, but if any substituent larger than hydrogen is introduced the 1 : 3 distances 
are shortey than the 1: 2 distances. This follows from the simple fact that the polar bonds 
are all parallel to each other and it is surely the fundament on which all the differential effects 
of equatorial and polar bonds are based. Accepting the fact that a methyl group is larger than 
hydrogen and therefore the (repulsive) interaction (1: 3-Me) greater than (1: 3-H) for a given 
substituent, we can analyse the relative degree of steric hindrance of (say) the four cholestan-2- 


and -3-ols. Clearly the steric hindrance order is cholestan-28-0l (XL) > cholestan-3z-ol, 
(XLI) > cholestan-2«-ol (XLII) = cholestan-38-ol (XLIII). The experimental percentage 


hydrolyses of the corresponding acetates under standard conditions are: *? 11, 34, 87, and 
92%, in excellent agreement with theory. No doubt this analysis can be extended to other 
positions in the steroid nucleus. One must conclude that, at least in the tvans-a/B-series, all 
the remaining equatorial hydroxyl groups will be more hindered than those at C,,, and C,,, and 
that all the other polar hydroxy] groups must be more hindered than that at C,,. The potential 
application of these generalisations will be obvious. 


Me 


1 (1 : 3-CH,) 4 (1: 2-H) 


I (1: 3-H) 
2 (1: 2-H) 
(XL) (XLI) (XLII) (XLIITI) 


It seems that views of steric hindrance based on the concept of equatorial and polar bonds 
can be conveniently extended to a consideration of the relative degrees of hindrance shown by 
ketone groups in cyclohexane systems. A ketone group is subject to steric hindrance when it 
does not react readily with reagents like semicarbazide, the phenylhydrazines, and so on. 
A necessary intermediate % in such reactions is of the type le which, on loss of water, 
affords the grouping >C—=N—. In so far as the steric properties of (-NH-) must be similar 
to those of (-OH), it is submitted that the degree of hindrance of a ketone grouping can be 
measured approximately in terms of the summation of hindrance of the corresponding polar 
and equatorial hydroxyl groups. The following hindering effects seem to be of dominant 
importance ; (a) the number of a-substituents, (b) the number of polar-type methyl groups 


37 First and Plattner, Helv. Chim. Acta, 1949, 32, 275. 
** See, e.g., Hammett, ‘‘ Physical Organic Chemistry,’”’ McGraw-Hill Book Co., 1940, p. 333. 
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attached at 8-carbon atoms, and (c) an indeterminate addition for systems where the y-carbon 
atom is bent round so as to hinder the ketone group. If we allow one (approximate and 
arbitrary) unit for effects (a) and (b) which seem to be of roughly equal significance, and 


indicate (c), which seems usually to be less than one unit in magnitude, by the + sign, then the 
degrees of steric hindrance of ketone groups in the trans-A/b-series of steroids is theoretically 
as indicated in (XNLIV). So far as our knowledge goes * this is a good approximation to the 


correct order of hindrance if we accept that 3+- or more indicates a strongly hindered group 
not giving functional derivatives even under vigorous conditions), 2+ or more a hindered 
group, and 2 or less a group showing non-significant hindrance to carbonyl reagents. In terms 
of the stereochemistry of the 18-isooleanane (XLV) group of triterpenoids (see below) and 
lanostane (XLVI), the concept also predicts the correct relative degrees of steric hindrance. 
One must hasten to add that this is only an approach to a difficult problem, that effects (a), 
(b), and (c) are not the only foreseeable hindering influences, and that, in particular, systems 
having cts-fused rings may prove more complex. 


R H z R 
| aH tS | | 
at H | H /\! 
( D ‘ ? DIY ; D 
l JN ‘NI 
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H \H 4 H 
XLIV) (XLV) (XLVI) 


The foregoing discussion of the relative degree of hindrance of equatorial and polar hydroxyl 
groups has been confined to acylation and ester-hydrolysis reactions. When one turns to 
oxidation, either by chromic acid or by hypobromous acid, to the corresponding ketone the 
relative ease of reaction is inverted. This has been illustrated in the case of simple 2-substituted 
cvclohexanols #° and is shown, in the steroid series, by the greater ease of oxidation *! of ept- 
cholestanol (XNLVII) than of cholestanol (XLVIII). Such observations are adequately 
accommodated by the present theory if the rate-determining step in these reactions is not the 
formation of the corresponding esters, which is probably the first stage of reaction, but attack 
on the carbon—hydrogen bond. Westheimer and his colleagues ** have provided excellent 
evidence that this is indeed the case, at least so far as csopropy! alcohol is concerned. 


Me 
( O,H 


(p)HOH 
| 
ee | 


. 


XLVI (XLVITI (XLIX) 


This approach to steric hindrance of oxidation furnishes some rationalisation of the other- 
wise curious fact that, whilst the order of relative hindrance to acylation of the hydroxyl 
groups in cholic acid (XLIX) is Cy.) > Cz, > C,g), the order of hindrance for oxidations is 
Re - C, E Sian 43 

Applications in Infra-red Spectroscopy.—The extensive arguments outlined above in favour 
of particular (more stable) conform: ations for cyclohexane and its congeners naturally raise the 
que stion whether the chemical regularities find a reflection in any physical property. Recent 
progress in the study of infra-red spectra has provided a decisive answer in favour of the 


39 Cf. Fieser and Fie ser he cit.; Hauptmann, J. Amer. Chem. Soc., 1947, 69, 562; Hauptmann and 
Campos, ibid., 1952, 74, 

40 Vavon, Bull. Soc. chim., 1931, 49, 937. 41 ino and Jacubowicz, idtd., 1933, 58, 581. 

42 Westheimer and Nicolaides, /. Amer. Chem. Soc., 1949, 71, 25; Holloway, Cohen, and Westheimer, 


ibid., 1951 73, 65; Leo and Westheimer, thid., 1952, 74, 4383; Cohen and Westheimer, 1bid., p. 4387; 
see also Westheimer, Chem. Reviews, 1949, 45, 419. 
43 Fieser and Fieser, op. cit., p. 126; Fieser et al., ref. 36 
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exist such a correlation.44 Tables 5 and 6 show * that, for alcohols, the band at 
L000 ¢1 is dependent on whether the hydréxyl group is equatorial or polar and that for 
tates the complexity of the acetoxy-band at 1240 cm. is also dependent on the equatorial 
iracter of the acetoxy-group. In the latter case the difference is intelligible in 


TABLE 5. 
8(OH), cm.! 


Compound type equatorial polar 
trvans-A/B-Series. Cholestan-2-ol .. shigeneaee x; 1030 B; 1010 
CROIGSTAR-B-O1 5 soi cdeccsscccedes B; 1040 a: 1000 
Cholestan-4-ol ................. x; 1040 B: 1000 
Lumistan-3-ol_............ a; 1034 B; 1010 
TABLE 6. 
Acetoxy-band at 1240 cm.~! 
Derivatives of equatorial polar 
Cholestan-2-ol a; simple 8; complex 
Cholestan-3-ol ee EE EAD ERS. 5 MOR B “g a; 
Cholestan-4-ol _.. os ieess sens Gesineiels ou'e %; complex Bs 
Coprostan-3-ol z; simple Bp; 
Lumistan-3-ol x B; 


terms of enhanced steric hindrance to freedom of rotation in the polar-type acetates. Data 
for lumistane derivatives have also been included in Tables 5 and 6. At first, lumistanyl acetat« 
was regarded as exceptional,*® but recent work by Cole 4 has shown that all the infra-red (and 
chemical) facts are explained if lumistanol has the conformation (and configuration) 
shown in (L). 

It has also been established 48 that there is a well-defined relation between the carbonyl 
frequencies of «-brominated ketones and the existence of the carbon-bromine bond in the 
equatorial or polar conformation. The exact significance of this finding in configurational 
terms remains to be defined. 

Applications to Adsorption Phenomena.—Some recent work by Savard #® on the paper 
chromatography of steroids has provided an excellent illustration of the generalisation that, 
at a given carbon atom in a cyclohexane ring system, the polar type epimer is less strongly 


TABLE 7. Jelative ease of elution of steroidal alcohols. 


3a(p) > 3f(e) (tvans-A/B-Series) 7 a(p) > 7A(e) 
3P(p) > 3a(e) (cts-A/B-Series) L1B(p) > lla(e) 
68(p) > 6x(e) 17a(p *) > 17f(e *) 


adsorbed than the corresponding equatorial epimer. Some of the data are summarised in 
fable 7. The relatively strong adsorption of the equatorial alcohols corresponds to their 
relative ease of esterification and is intelligible on the basis of the same sort of argument as has 
been advanced above. 


A critical test of any theory is its application to the solution of a problem which can also be 
solved by a different method of accepted unambiguity. The successful use of conformational 
analysis in steroid chemistry and in other simpler cyclohexane systems prompted its extension 
to the more difficult problem of the stereochemistry of the pentacyclic triterpenoids of the 
8-amyranol group (II) (and, as it subsequently devolved, of the lupeol group (LII)]. It is not 
possible within the allotted time to discuss at length the evidence available; a full treatment 
has been given elsewhere.°° The basic assumption was made that, provided the bridge carbon 
atoms bearing hydrogen had been equilibrated, or had been shown to be present in the more 
stable configurations, then all five rings would adopt chair conformations 

Kings A and B had been shown to be trans-fused from the known relation 5! to the diterpenoid 

‘4 Cf. also Kuhn, J. Amer. Chem. Soc., 1952, '74, 2618. 

* R. N. Jones, Humphries, Herling, and Dobriner, ibid., 1951, 78, 3215; Cole, R. N. Jones, and 
Dobriner, ibid., 1952, 74, 5571; Fiirst, Kuhn, Scotoni, and Giinthard, Helv. Chim. Acta, 1952, $5, 951; 
Cole, /., in the press (the author is much indebted to Dr. Cole for a copy of this paper before its 
publication) 

‘6 R.N. Jones et al., ref. 45. 47 Cole, ref. 45 

** RK. N. Jones, Ramsay, Herling, and Dobriner, J. Amer. Chem. Soc., 1952, 74, 2828. 

9 J]. Biol. Chem., in the press. The author is much indebted to Dr. Savard for a copy of this paper 
before its publication 50 Barton and Holness, /., 1952, 78. 

*! Barton and Schmeidler, J., 1948, 1197; 1949, S 232; Barton, Quart. Reviews, 1949, 8, 36. 
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abietic acid Kings p and E were shown to be cis-fused with the less stable orientation at 
Cis Nevertheless, since ring E is a terminal ring there is no difficulty in giving it a chair 
conformation based on the two-chair cis-decalin (II). The contiguration at C,,3, in 8-amyranol 


derivatives was shown to be the more stable one and to have the hydrogen on the same side of 
the molecule as the C,,;-methyl group.5? Correlation with the perhydrophenanthrene 


Me 


CaHig 
0 
D 2 
12 1% E B} 
I 7 I 
‘ . Ci, pd! if 
< D | 
1 A B 1S 
1 3 
HO 
(L1) (LIT) 


stereochemistry mentioned above showed that rings c and b must be trans-fused. Conclusive 
evidence has been forthcoming 5° that C,,9, is also fused in the more stable orientation. If 
both C,,9, and C,,3,) in $-amyranol are to represent the more stable configurations, then, by 
analogy again with perhydrophenanthrene stereochemistry, this requires either (B/c- 


trans) (C.g) : C,yy-antt)(c/D-trans) or (B/C-cts)(Cyg) : C.g)-svn)(C/D-trans), as in formule (LITT) 
and (LIV) respectively. 
H ™* H 
uN | H 
H | H 


HO H or H 
(LITT) (LIV) 


rhe configurations at C,,, and C,y) remain for discussion. That at C,., is regarded as §,54 on 
elimination evidence mentioned above and the steric properties which are those of an equatorial 
hydroxyl group. 

Our attention has been directed to an alternative interpretation (LV) of the stereochemistry 
at C,., which becomes logically acceptable if ring A is assumed to adopt the boat conformation. 
\ possible factor in determining the latter would be the repulsive interaction between polar- 
type methyl groups at C,,, and C,,) which is avoided by the change to (LV). On the other 
hand, (LV) suffers from the disadvantage of having opposed interactions at C.4,: Cj) and 
C,,,: Cig) and from the strong repulsive interaction between the C,,.-$-hydrogen atom and the 
C,;-methyl group. Evidence against (LV) and in favour of (XXIV) comes from the following 
considerations. 

It is known 56 that rings a and B correspond to the first two rings in abietic acid (LVI). It 
is also known that abietic acid has the carboxyl group in the less hindered equatorial 
contiguration.5?7.— On the basis of (XXIV), abietic acid must be (LVII); on the basis of (L\ 
it must be (LVIII Oxidation of abietic acid by nitric acid affords a C,,-tricarboxylic acid 
which has been proved ®! to have the stereochemistry illustrated in (LIX). Oxidation of 
LVIII) would afford (LX) with the wrong stereochemistry. Formula (LV) is, therefore, to be 
discounted 

The assignment of configuration at C,, is on a less certain basis. If one considers the fusion 
of ring c to ring B, both being in chair conformation, then, since only equatorial + equatorial 

62 Barton and Brooks, J., 1951, 257; Barton, Brooks, and Holness, thid., p. 277 

63 Barton and Holness, ref. 50; Budziarek, Johnston, Manson, and Spring, J., 1951, 3019 

+ The symlt d chemistry (see footnotes 


ymbols x and § are used with the same significance as in ster« 
Barton, Experientia, 1950, 6, 316; Barton and Holness, ref. 50 

8 For summary see Jeger, ‘‘ Fortschritte der Chemie organischer Naturstoffe,’’ 1950, Vol. VII 

é nonsen and Barton, ‘‘ The Terpenes,’’ Cambridge Univ. Press, 1952, Vol. II 
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or equatorial -} polar bonds can be employed, only three different fusions are possible, viz. : 
LXI), (LXII), and (LXIII). Of these, (LXIII) does not explain the observed ready 
elimination of water from polar 1]-hydroxy-compounds to give A?°-olefins,5§ for the centres 
concerned in the reaction would not satisfy the necessary geometrical requirement of coplanarity 
see above). This leaves (LXI) and (LXII) for consideration, the corresponding complete 


con 4 
(LVII) 


7 CO3H 


Me 
oi 


CO,H 4H 
(LIX) 


stereochemical representation being (LIII) and (LIV). A distinction between these has not, 
so far, been attainable on chemical grounds but, on the basis of generalised molecular rotation 
arguments, Klyne 5® has been able to decide in favour of (LIII). Carlisle and (Miss) Abd El 
Rehim ®° have recently conducted an X-ray investigation of methyl oleanolate iodoacetate 
(LXIV), a member of the 8-amyrin group of triterpenoids, from which they conclude that the 
stereochemistry of the molecule is correctly represented by (LXV) in agreement with the 


H \ H. H I 
. e) p) s. /(e) 
aN | _ (e) JN %y, % €) 


(e) LV \e) 
Ja BK | BI, A 7 
’ 7 Be ies 
HO’. H HO H HO /\H 
(LXT) (LXNIT) (LXITI) 


expression (LIII). It is gratifying that the two very different methods of approach lead 
to the same conclusion. 

As will be seen from the discussion above, there is a weighty body of experimental evidence 
in support of the correctness of the concept of equatorial and polar bonds. It must be realised, 
however, that the agreement is based, fundamentally, on the summation of bonded and non- 
bonded interactions and that it refers, in the main part, to compounds where the interactions of 
dipoles are not of major importance. Some exceptions which have been noted are the 
follow ing 

(1) tvans-cycloHexene dibromide appears to exist more in the di-polar than in the di- 


* Barton and Holness, ref. 50. se J., 1952, 2916. 60 Personal communication. 
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equatorial conformation; ®! in the light of more recent work by Hassel and his school on the 
polyhalogenocyclohexanes this observation may require re-investigation. 

(ii) Dimethyl and diethyl trans-cyclohexane-1 : 3-dicarboxylate (one polar, one equatorial 
substituent) are said to be more stable ®? than the cis-isomers (two equatorial substituents) 


H /\ 
f ) .. a 
A ° H \ 
| ! } 
A CO,Me " 7 CO.Me 
| | | NX 
I-CH,-CO-O (LXIV) PCHYCOO (LXV) 


ili) The cyclohexanetricarboxylic acid anhydride (LXNVI) is more stable with the carboxyl 
group polar, as in (LXVII), thanif it is equatorial.6%,*4 This result corresponds to the preferred 
orientation ® of the carbomethoxyl group at C,,9, in triterpenes in which ring c has been opened 
asin (LXVIII). The preferred orientation is further illustrated in (LXIX). 

A further apparent exception was provided by trans-3-methylcyclohexanol which had been 
reported to be more stable than the cis-isomer. Recent significant work by Noyce and 
Denney and by Goering and Senes *? has shown that the relative stability order is correct, 
but that the configurational prefixes have been wrongly assigned 


M. 
Aco H Me, 64 
oe) od MeO.c NY) e 
MeO,¢ = Me 
( ~C 
, | ha tat R = OAc 
CO,H [ajB fe 
CEQ) VA \ wag & | 
AcO H HW 
y Ss o MeO.C 
(LXVI) (LXNVITI) (LXNIX) 
ie Mew ae 
q 1 Ae: yore, | 
*% Rico PA e I 
| Hv \ | nee Ho \\_ 
| 
R R HO H 
{EAX) (PaeP) (LXNIT) (LNNITT) (LXNXIV) 


The concept of equatorial and polar bonds can be extended to include bridged cyclohexane 
rings; the extension must, however, be made with caution as shown by the following examples. 
In general, Diels~Alder adducts which can be regarded as derivatives of norcamphane-(LXX) 
are formed under kinetic control of reaction products and are endo (LX XI) in configuration 
Isomerisation affords the more stable evo-derivatives (LXXII).68 Thus, exo-norborneol 
(LAI: R= OR H) is more stable than endo-norborneol (LX XI; R OH, R’ H) 
The former has an equatorial, the latter a polar hydroxyl group. The relative degrees of steric 


6! Hassel and Ottar, Acta Chem. Scand., 1947, 1, 929. 

62 Skita and Rossler, Ber., 1939, 72, 265 

63 oe and Schmeidler, /., 1949, S 232. 

*! It appears probable that this is not an isolated example and that a2x’a’-tetrasubstituted cyclo- 
hexanes (or their equivz ale nts) may prove exceptional. If one analyses non-bonded interactions in the 
two conformations of 2: 2:6: 6-tetramethylcyclohexanol according to the principles outlined on p. 
1034, and compares the ie Sah a similar analysis of the two 2: 2-dimethylcyclohexanol conformations, 
where it is known that the equatorial conformation is the more stable, then it is readily shown that an 
inversion of stability order for the tetramethyl compound Is possible provided that (1 : 2-Me) > (1: 2-H), 
a condition which is known to be satisfied. 

65 Gutmann, Jeger, and Ruzicka, Helv. Chim. Acta, 1951, 34, 1154 

66 Skita and Faust, Ber., 1939, 72, 1127. 

67 J. Amer. Chem. Soc., in the press: the author is much indebted to Drs. Goering and Noyce for 
copies of these papers before their publication. 

68 For example: Alder and Stein, Annalen, 1934, 614, 211; 1936, 525, 183. For reviews: Kloetzel, 
‘ Organic Reactions,’’ Vol. IV, p. 1; Holmes, op. cit., p. 60. 
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hindrance and ease of rearrangement ®° are also in consonance with these assignments. How- 
ever, in the case of the corresponding derivatives of camphane, borneol (LXXIII), and iso- 
borneol (LX XIV), the stability order 7° and steric hindrance order 7! are the reverse, but the 
ease of rearrangement * remains greatly in favour of the equatorial hydroxyl group. The 
reversed effects must be attributed to the hindrance exerted by the gem-dimethyl bridge.7? 
Extension of the discussion to fenchyl alcohols and related compounds, and to other types 
of bridged cyclohexane derivatives, provides interesting possibilities but, owing to limitation of 
time, the subject cannot be pursued further at this juncture. 

rhe concept of equatorial and polar bonds is clearly applicable to sugar chemistry and to 
the cyclitols. The excellent work of Reeves 74 may be cited as illustrative in the former field, 
whilst in the latter a number of interesting investigations have been reported.74 An elegant 
correlation between cyclitol stereochemistry and specificity of oxidation by Acetobacter 
suboxydans has been propounded.’® Applications in alkaloid chemistry have been discussed.76 

The above summary of the applicability of the concept of conformational analysis to cyclo- 
hexane compounds must surely demonstrate the utility of this approach. Similar analysis of 
preferred conformation in other ring systems has already been undertaken by Prelog 7 with 
marked success and is, no doubt, capable of considerable extension.*® An analogous treat- 
ment of acyclic compounds must surely be possible. The applicability of conformational analysis 
with its emphasis on the geometrical aspects of structure and reactivity must not, however, 
lead us to neglect the significance of electronic factors in organic chemistry. Both these 
approaches to the solution of the problems that beset the organic chemist are fundamental 


Finally I must express my heartfelt thanks to those under whose inspiring direction I have 
worked; I must also make grateful acknowledgment to all my present and former colleagues, 
who have taught me more of chemistry than I have taught them, and to my friends at Harvard 
in the fires of whose constructive criticism the ideas presented here were first tempered. 


6° See Winstein and Trifan, ]. Amer. Chem. Soc., 1952, 74, 1147, 1154; cf. Roberts, Bennett, and 
Armstrong, ibid., 1950, 72, 3329. 

70 Asahina, Ishidate, and Sano, Ber., 1936, 69, 343. 

71 Vavon, Bull. Soc. chim., 1931, 49, 937; Lipp and Bund, Ber., 1935, 68, 249; Bode, Ber., 1937, 

1167 

2 Shoppee, Chem. and Ind., 1952, 86. 

78 For summary see Adv. in Carbohydrate Chem., 1951, 6, 107 

74 Chargaft and Magasanik, ]. Biol. Chem., 1946, 165, 379; 1948, 174, 173; 1948, 175, 929, 939; 
Angyal and MacDonald, /., 1952, 686. 

75 Magasanik, Franzl, and Chargaff, ]. Amer. Chem. Soc., 1952, 74, 2618. 

76 Fodor and Nador, Nature, 1952, 169, 762; /., 1953, 721; Fodor, Nature, 1952, 170, 278; Cookson, 
Chem. and Ind., 1953, in the press. 

77 See /., 1950, 420; see also Wilson Baker, McOmie, and Ollis, /., 1951, 200, and later papers 
8 For example, in terms of the excellent work of H. C. Brown and his colleagues (inter al., J. Amer. 
Chem. Soc., 1951, 78, 212). 
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